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A  p r o g r a m  of r e s e a r c h  w a s  c o n d u c t e d  in 1961 an d  1962 to  d e t e r ­
m i n e  to  w h a t  e x t e n t  the  e l e c t r i c a l  p h e n o m e n a  in t h u n d e r s t o r m s  m i g h t  
be  e f f e c t i v e  in  the g e n e s i s ,  m a i n t e n a n c e ,  and  i n t e n s i f i c a t i o n  o f  a t o r ­
nado .  T h e  i n v e s t i g a t i o n  c o n s i s t e d  e n t i r e l y  of  l a b o r a t o r y  e x p e r i m e n t s  
and  t h e o r e t i c a l  a n a l y s e s ,  a l th o u g h  o b s e r v a t i o n a l  d a t a  on  t o r n a d o e s  
w e r e  u s e d  to  th e  e x t e n t  t h a t  s u c h  d a t a  w e r e  a v a i l a b l e .
S p e c i a l  a s s u m p t i o n s  w e r e  i m p o s e d  on the  m e t e o r o l o g i c a l  e q u a ­
t i o n s  of  m o t i o n  in  o r d e r  to d e r i v e  a  t h r e e - d i m e n s i o n a l  v o r t e x  m o d e l  
h a v in g  d i s t r i b u t i o n s  of  p r e s s u r e  an d  v e l o c i t y  t h a t  a g r e e  w i th  t h o s e  g e n ­
e r a l l y  a t t r i b u t e d  to the  t o r n a d o .  T h i s  m o d e l  is  s u f f i c i e n t l y  s i m p l e  
m a t h e m a t i c a l l y  t h a t  i t  c a n  be  u s e d  fo r  a n a l y s e s  in th e  s t e a d y  s t a t e  and  
a l s o  f o r  c o m p u t in g  e n e r g y  r e q u i r e m e n t s  d u r in g  c h a n g e s  of s t a t e .  The  
h y d r o - e l e c t r o d y n a m i c  m o t i o n  e q u a t i o n s  w e r e  t h e n  d e r i v e d  a n d  p a r t i c u ­
l a r i z e d  to t h e  c o n d i t i o n s  i m p o s e d  u p o n  th e  m o d e l .
A  v o r t e x  c a g e  w a s  c o n s t r u c t e d  on  a d e s i g n  to p r o d u c e  s m a l l  v o r ­
t i c e s  w h o s e  p r e s s u r e  and  v e l o c i t y  p a t t e r n s  a r e  s i m i l a r  to t h o s e  of  th e  
t h e o r e t i c a l  m o d e l ,  and  h e n c e  to  th e  t o r n a d o .  S i m i l a r i t y  r u l e s  w e r e  
t h e n  d e r i v e d  f o r  th e  p u r p o s e  of  c a r r y i n g  o v e r  to t h e  t o r n a d o  t h e  r e ­
s u l t s  of  l a b o r a t o r y  e x p e r i m e n t s  t e s t i n g  the  r e l a t i v e  i m p o r t a n c e  of  a e r o ­
d y n a m i c ,  t h e r m o d y n a m i c ,  and  e l e c t r o d y n a m i c  i n f l u e n c e s .  T h e  m o s t  
i m p o r t a n t  i m p l i c a t i o n s  d e r i v a b l e  f r o m  t h e s e  s t u d i e s  a r e  a s  fo l l o w s ;
111
1) E l e c t r o d y n a m i c  a c t i o n  i s  i n c a p a b l e  of  g e n e r a t i n g  a t o r n a d o ,  an d  c a n  
e x e r t  no i m p o r t a n t  i n f l u e n c e  on a t o r n a d o  in  t h e  s t e a d y  s t a t e .
2) T h e  t o r n a d o e s  t h a t  a r e  o b s e r v e d  to  h a v e  a c o n t in u o u s  e l e c t r i c a l  
d i s c h a r g e  i n s i d e  m a y  o r  m a y  n o t  be  d r i v e n  b y  the  h e a t  r e l e a s e d  
f r o m  th e  d i s c h a r g e ,  b u t  t h e  v o r t e x  d r i v e n  b y  d i s c h a r g e  h e a t  w i l l  
be  m u c h  w e a k e r  t h a n  t h e  u s u a l  t o r n a d o .  A c h a r a c t e r i s t i c  d i f f e r ­
e n c e  in  a p p e a r a n c e  of t h e  two t y p e s  i s  s u g g e s t e d  and  i l l u s t r a t e d  
p h o t o g r a p h i c a l l y .
3) T h e  a x i s  of  a  t o r n a d o  m a y  s e r v e  a s  a  p r e f e r r e d  p a t h  f o r  d i s c h a r g ­
ing  a t h u n d e r s t o r m ,  in  w h i c h  c a s e  th e  c e n t r i f u g e  ac t io n  of the v o r t e x  
d o e s  w o r k  a g a i n s t  the  t h e r m a l l y - e x p a n d i n g  d i s c h a r g e  c o l u m n .  T h e  
e f f e c t  i s  to  d e c r e a s e  the  k i n e t i c  e n e r g y  of  t h e  t o r n a d o  b y  a s  m u c h
as  25 p e r  c e n t .
4) An  a t m o s p h e r i c  v o r t e x  w i l l  f o r m  and  g r o w  v e r t i c a l l y  to b o u n d a r i e s  
if a  z o n e  of  u p d r a f t  is  c o m p e n s a t e d  b y  a t a n g e n t i a l l y - d i r e c t e d  l a y e r  
of a i r  of  a r b i t r a r y  t h i c k n e s s ,  o r  a  j e t ,  l o c a t e d  s o m e w h e r e  b e t w e e n  
th e  top  an d  b o t t o m  of t h e  u p d r a f t .  T h e  v o r t e x  th u s  f o r m e d  is o p ­
t i m i z e d  w h e n  th e  in f low f r o m  t h i s  l a y e r  i s  s y m m e t r i c a l  w i th  r e ­
s p e c t  to  the  u p d r a f t  a x i s .  T h e  v o r t e x  t a k e s  on a t u b u l a r  a p p e a r ­
a n c e  a s  a  r e s u l t  of  a s y m m e t r y  of  in f low ,  an d  b e c o m e s  p r o g r e s ­
s i v e l y  w e a k e r  an d  m o r e  t u b e - l i k e  w i t h  i n c r e a s i n g  a s y m m e t r y .
5) New e v i d e n c e  s u p p o r t s  t h e  o l d e r  c o n c e p t  t h a t  t o r n a d o e s  f o r m  b y  
c o n t r a c t i o n  of  a m i c r o c y c l o n e ,  b u t  th e  e n e r g y  r e q u i r e m e n t s  a r e
iv
m u c h  g r e a t e r  t h a n  c a l c u l a t e d  p r e v i o u s l y .  T h e  d i r e c t  p r o c e s s e s  
a r e  p u r e l y  a e r o d y n a m i c  and  t h e r m o d y n a m i c .
T h i s  r e s e a r c h  was c o n d u c t e d  u n d e r  a  g r a n t  to  the  U n i v e r s i t y  
of  O k l a h o m a  R e s e a r c h  I n s t i t u t e  f r o m  th e  N a t i o n a l  S c i e n c e  F o u n d a t i o n .  
T h e  a d v i s o r y  c o m m i t t e e  f o r  th e  d i s s e r t a t i o n  i s  P r o f e s s o r  W. J .  
S a u c i e r ,  C h a i r m a n ,  and P r o f e s s o r s  C.  A. P l i n t ,  R .  G. F o w l e r ,
A. F .  B e r n h a r t ,  W. N. Huff , and  Y. S a s a k i .  The  a u t h o r  i s  i n d e b te d  
to  P r o f e s s o r  S a s a k i  f o r  gu id a n c e  and  i n s p i r a t i o n  b eyond  the  u s u a l  
f u n c t i o n s  of  a  d i s s e r t a t i o n  a d v i s o r .  S p e c i a l  t h a n k s  a r e  due  P r o f e s ­
s o r s  R .  G. F o w l e r ,  S idney  C o r r i g a n ,  an d  J a c k  Cohn  of th e  P h y s i c s  
D e p a r t m e n t  and  to P r o f e s s o r  A. von  E n g e l  f r o m  O x fo rd  fo r  v i s i t i n g  
the  v o r t e x  l a b o r a t o r y  to lend  t e c h n i c a l  a s s i s t a n c e  and  e n c o u r a g e m e n t .
G r a t i t u d e  i s  e x p r e s s e d  to  P r o f e s s o r  C.  M. S l i e p c e v i c h ,  
C h a i r m a n ,  an d  to a l l  m e m b e r s  o f  the  G r a d u a t e  S t a n d a r d s  C o m m i t t e e  
of t h e  E n g i n e e r i n g  S c i e n c e s  d e g r e e  p r o g r a m .  T h r o u g h  t h e i r  g u i d ­
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AERODYNAMIC AND ELECTRODYNAMIC PROCESSES
IN TORNADOES
C h ap ter I 
INTRODUCTION
The e le c tr ic a l  phenom ena a sso c ia ted  w ith  th u n d e rs to rm s  in the 
locale  of incip ien t to rn a d o es  a re  often o b serv ed  to have r a th e r  unusual 
c h a ra c te r is t ic s  w ith  r e g a rd  to v is ib le  d isp lays and the frequency  of 
lightning s tro k e s . O ccasio n a lly  a  continuous e le c tr ic a l  d isc h a rg e  is  
o b se rv ed  inside of the to rn ad o  itse lf . It is not su rp ris in g  th a t L u cre tiu s . 
^ 1 ^  (c irc a  60 B. C .) as w ell as  nu m ero u s o b se rv e rs  s ince  th a t tim e  
have inqu ired  as to w hat ro le  the e le c tr ic a l  phenom ena m ight p lay  in  
to rn ad o es  of th is  kind. R ecen tly  Vonnegut has sp ecu la ted  th a t 
th e rm a l o r  e lec tro d y n am ic  a c c e le ra tio n s  m ay be im p o rtan t in  the " e le c ­
tr ic a l"  to rnado  ^ t e r  i t  h as  fo rm ed  by  o ther m ean s. Then R athbun 
hypothesized  th a t to rn a d o es  could be in itia ted  by e lec tro d y n am ic  a c c e l­
e ra tio n s . B ecause th e se  cha llen g es  w ere  p re se n te d , th e ir  evaluation  
w as re q u ire d  as a  lo g ica l f i r s t  s tep  in  r e s e a rc h  of a  m o re  im p o rtan t 
n a tu re , nam ely  th a t d ire c te d  to w ard  to rnado  co n tro l, fo re c a s tin g , and 
su rv e illan ce .
P r io r  to the in v estig a tio n s  of the p re se n t p ro g ra m  th e re  w as no 
in fo rm ation  on w hich an  a s se s sm e n t of the ro le  of e le c tr ic a l  phenom ena 
in  to rnadoes could be b ased . T h is  w as esp ec ia lly  t ru e  in  the sc ien ce  of
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m eteo ro lo g y , w here  the n a tu re  of e le c tr ic a l  d isch a rg e s  in  g e n e ra l and 
th u n d e rs to rm  e le c tr if ic a tio n  in p a r tic u la r  is  v e ry  p o o rly  understood .
One m ight suppose th a t som e ca lcu la tions of the re la tiv e  m agn itudes of 
e le c tr ic a lly -d e r iv e d  a c c e le ra tio n s  and aerodynam ic a c c e le ra tio n s  could 
be  m ade for a  v o rte x  by using  the m easu rem en ts  of lightn ing  s tro k e  p o w ­
e r  and freq u en cy  re p o rte d  in  the l i te ra tu re .  T hese could then  be c o m ­
p a re d  w ith p r e s s u re  and c en trifu g a l a cce le ra tio n s . But th is  would have 
re q u ire d  a su itab le  m odel fo r the d is trib u tio n  of the p r e s s u re  and m o ­
tion  p a tte rn s  in  a to rnado  v o rtex , and no such m odel w as ava ilab le . The 
lo g ica l p ro c e d u re  a t the inception  of th is p ro g ra m  e a r ly  in  1961 w as to 
deduce such a m odel fro m  th eo ry  and from  the m eag e r in fo rm atio n  
av a ilab le  on to rn a d o e s , to a ttem p t to produce a  s im ila r  v o r te x  in the 
la b o ra to ry , and to study the  m o d e l's  c h a ra c te r is t ic s  in th e  steady 
s ta te  and during  fo rm atio n  and decay. Follow ing th is , e lec tro d y n am ic , 
th e rm a l, and aerodynam ic  in fluences could be in troduced  to each s ta te  
in  o rd e r  to seek  for the re la tiv e  im p o rtan ce  of th ese  in flu en ces. F in ­
a lly , it w as hoped th a t d es ig n s  fo r fu rth e r ex p erim en ts  d ire c te d  tow ard  
to rn ad o  detection  and co n tro l m ight evolve fro m  the in fo rm atio n  gained.
The o rg an iza tio n  of the T able of Contents shows th a t the p ro g ra m  
h as p ro ceed ed  m uch the sam e as i t  w as o rig in a lly  conceived . The n e ­
c e s s ity  fo r a few of the ex p erim en ts  lis ted  in  the p ro je c t p ro p o sa l [so l
w as p rec lu d ed  by findings e a rly  in  the p ro g ram . Some la b o ra to ry  
»
m odel e x p e rim en ts  along the line of tornado de tection  and con tro l have
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b een  conducted and o th e rs  a re  in p ro g re s s .  The re su lts  of th is  phase 
of the in v estig a tio n  w ill fo rm  the fin a l r e p o r t  of the p ro je c t as conducted 
u n d er the p re s e n t g ran t fro m  N ational Science Foundation.
The re a d e r  w ill recogn ize  th a t m any of the an a ly ses  and the e n ­
suing conclusions depend upon the th e o re tic a l m odel v o rte x  d e riv ed , as 
w ell as  upon the la b o ra to ry  m odel. T ru e  fid e lity  to a n a tu ra l a tm o s ­
p h e ric  v o rte x  could not be ejq>ected. N e v e rth e le ss  the m odel is  fe lt to 
be m o re  com plete  w ith re sp e c t to the m o st im p o rtan t c h a ra c te r is t ic s  
of a  to rnado  than  any derived  p rev io u s ly . The object h e re , how ever, 
w as not to excel in v o rtex  m ech an ic s , but to obtain  a tool th a t would 
sa tis fy  the needs of the r e s e a rc h  goals. The sa lien t fe a tu re  of the 
m odel for the pu rp o se  a t hand is  the fac t th a t it p roved usefu l in m e e t­
ing the re q u ire m en ts  for m o st of the m a jo r  o b jec tives of the p ro g ram . 
F o r  exam ple, if it had p roved  to be im p o ss ib le  to use the sam e m odel 
fo r  each  of the an a ly ses  fo r m odel s im ila r i ty , n e c e s sa ry  and suffic ien t 
en e rg y  in te rch an g es, and fo r evaluating  the  re la tiv e  im p o rtan ce  of p r o ­
c e s s e s ,  then  th e re  would have been  l i t t le  co h eren ce  in the final re su lts . 
Such a lack of coherence would have lim ite d  sev e re ly  the conclusions 
obtainable fro m  the re se a rc h .
A m a jo r  d ifferen ce  in  an a ly s is  technique ex is ts  betw een the v o r ­
tex  in  a  s teady  s ta te  and the v o rte x  during  changes of s ta te . T h is  p r o ­
v id es  the d is tin c tio n  betw een C h ap te rs  II and III, w hich fo rm  the m ain
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body of the tex t. E va lua tions of aerodynam ic, th e rm o d y n am ic , and e le c ­
trodynam ic  in fluences on th ese  s ta te s , the m a jo r  is s u e s  of the in v e s ti­
gation , a re  c a r r ie d  w ith in  th ese  ch ap te rs  at p laces  deem ed ap p ro p ria te  
fo r such evaluations. The conclusions in C hapter IV a re  o v e ra ll co n c lu ­
s io n s , and not a re p e titio n  of the conclusions from  indiv idual ex p erim en ts  
and an a ly ses. T h is co n s tru c tio n  w as used fo r  the sake of co n c ise n ess .
At the o u tse t of the inv estig a tio n  th e re  w as su ffic ien t d iv e rs ity  
of opinion on to rnado  g en es is  to p e rm it com plete o b jec tiv ity  in the c o m ­
p a r iso n  of ae rodynam ic , therm odynam ic, and e lec tro d y n am ic  in fluences. 
T h e re  w as no p re fe re n c e  for any p a rtic u la r  m ech an ism  fo r to rnado  g en e ­
s is  un til the ro le s  of th e se  in fluences began to  be rev ea led  fro m  the v o r ­
tex  ex p erim en ts  and the r e s e a rc h e s  into e le c tr ic a l th eo ry . T h ere  is  
nothing sen sa tio n a l in  the d isco v e ry  th a t e lec trodynam ic effec ts  a re  not 
a d ire c t  fac to r in to rnado  g en esis  o r  m ain tenance. The im p o rtan ce  of 
the d isco v e ry  is a s  follow s: 1) it  answ ers questions posed by rec en t
sp ecu la tio n s in the  l i te ra tu r e ;  and 2) it n arrow s the scope of the e ffo rt
tow ard  to rnado  co n tro l. If in addition to these re s u l ts  the in v estig a tio n
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a lso  helps to  im prove ou r understand ing  of the  co n cen tra ted  a tm o sp h eric  
v o rtex , then the e ffo rt w ill have been  m ost rew ard in g .
CH A PTER II 
THE VORTEX IN THE STEADY STATE
L am b j^ l 3^ has s ta ted  th a t the flu id  v o rtex  is  in tra c ta b le  in th re e  
d im en sio n s , even with the g ro s s ly  sim p lify ing  assu m p tio n s  of the " p e r ­
fe c t"  flu id s . In dealing w ith a tm o sp h e ric  v o r tic e s , how ever, the lu x ­
u ry  of even th e se  assu m p tio n s can  h a rd ly  be afforded. T h e re  is  little  
w onder, then , th a t so m uch is  unknown about a tm o sp h e ric  v o r tic e s . O r 
s ta te d  m o re  o p tim is tica lly , i t  is  re m a rk a b le  how m uch we have le a rn ed  
about a tm o sp h e ric  v o r tic e s , co n s id e rin g  th e ir  g re a t com plexity .
The p u rp o se  h e re  is  to  deduce a  su itab le  p h y s ica l m odel fo r  the 
v e lo c ity  d is tr ib u tio n  w ithin an a tm o sp h e ric  v o rte x  on the sca le  of a t o r ­
nado , w hose rad iu s  v a r ie s  fro m  a few y a rd s  to s e v e ra l hundred  y a rd s . 
In p iecing  to g e th e r th is  m odel we w ill u tiliz e  the m e a g e r  knowledge 
ex istin g  fro m  tornado o b se rv a tio n s  and the ca lcu la tio n s  afforded  fro m  
th e o re tic a l c o n s id e ra tio n s  to the ex ten t th a t the two can be b rough t to 
a g re e m en t. In addition we w ish  to e s ta b lish  the dynam ic s im ila r ity , if 
any, betw een a v o rte x  g en era ted  by sp e c ia l ap p ara tu s  in  the la b o ra to ry  
and a  r e a l  to rnado , recognizing  th a t both m odel and to rnado  a re  sub jec t 
to  a v a r ie ty  of types. The a p p a ra tu s  and g en e ra l fe a tu re s  of v o r tic e s  
g e n e ra ted  th e rew ith  have been  d isc u sse d  in  an e a r l ie r  p ro je c t re p o r t
[ 31] .
The la b o ra to ry  v o rtex  h as  an  av erag e  d ia m e te r  of about one 
inch , and is  s lig h tly  la rg e r  a t the top  than  a t the bo ttom . T his d iam e -
: : : : 5 " \
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te r  is  ac tu a lly  b ased  on the sh a rp ly  defined " s le e v e " , w hich is  quite 
s im ila r  in ap p earan ce  to th a t of a to rnado . H ow ever, ju s t  as in  the case  
of the to rn ad o , the exact re a so n  fo r th is  sh a rp  boundary  is  unknown. We 
w ill see  la te r  that i t  is not the sam e as the s leev e  of m axim um  v e lo c ­
ity . A fe a tu re  of the la b o ra to ry  v o rtex  g e n e ra lly  co n sid e red  com m on 
to to rn a d o es  and o th e r a tm o sp h eric  v o r tic e s , is a  ra d ia l p ro file  of ta n ­
g en tia l v e lo c ity  Vg w ith zero  a t the c e n te r , a m ax im um  veloc ity  Vj^ a t 
som e ra d ia l d is tan ce  r^^, and d e c re a s in g  again  to  ze ro  (or to a n e g li­
g ib le v a lu e , ind istingu ishab le  as p a r t  of the vortex) a t som e d is tan ce  r^ . 
The reg io n s  on e ith e r  side of r^^i a re  iden tified  h e re  as  I and II r e s p e c ­
tiv e ly .
The la b o ra to ry  v o rtex  cage is equipped to m e a su re  the p re s s u re  
d rop  a t the c e n te r  of the vo rtex , and we w ish  to re la te  th is  p r e s s u re  
drop  to  the m ax im um  tangen tia l ve locity , o r  " s leev e "  ve locity , v ^ .  
F u r th e r ,  by s im ila r ity  an a ly s is , we hope to re la te  th ese  sam e p r e s ­
su re -v e lo c ity  c h a ra c te r is t ic s  to those in  a to rnado  fo r u se  in the in te r ­
p re ta tio n  of o th er v o rte x  ex p erim en ts .
The in te g ra ls  of the ve loc ity  p ro file s  w ill alw ays be ex p re ss ib le  
in te rm s  of m axim um  velocity , and the p r e s s u re  d rop , Ap» w ill thus 
a lso  be e x p re ss ib le  in te rm s  of m axim um  velocity . E s ta b lish m e n t of 
s im ila r i ty  ru le s  w ill then allow  co m p ariso n  of v o rtex  c h a ra c te r is t ic s ,. ,  
on a la b o ra to ry  sca le  with those of a la rg e r  sc a le  by using  only the 
E u le r  n u m b er and the p a ra m e te rs  of m a jo r  in te re s t .
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The v ita l but lit t le  u n d ersto o d  p ro c e s s  of en erg y  tra n sfo rm a tio n  
in  v o r tic e s  w ill be d isc u sse d  la te r .  The v e r t ic a l  m otion  schem e, long 
known to be of m a jo r im p o rtan ce  in a ll a tm o sp h e ric  v o r tic e s , and also  
v e r if ie d  as v ita l to liquid v o r tic e s  by L o n g ^1Q  , w ill be d iscu ssed  only 
q u a lita tiv e ly  at f i r s t ,  and la te r  fo rm u la ted  to a g re e  w ith  conditions im ­
p o sed  on the m odel.
The m ethod of a ttack  w ill be to  beg in  w ith the com plete  se t of 
m otion  equations b as ic  to dynam ic m eteo ro logy . T h ese  w ill be co n ­
v e r te d  to  cy lin d rica l co o rd in a tes  in  o rd e r  to take advantage of the p r o ­
p e r t ie s  of m odel shape. Solutions w ill be sought th a t a re  ag reeab le  to 
the sp ec ia l req u ire m en ts . We w ill keep  tra c k  of the consequences of 
the v a rio u s  sim plifying assu m p tio n s  in o rd e r  fu lly  to  re a liz e  our d e ­
p a r tu re s  fro m  re a lity  and the s ig n ifican ce  of th ese  d e p a r tu re s .
F o r  one re a so n  o r an o th e r, only a few of the re s u l ts  of p rev ious 
in v estig a tio n s  in v o rtex  m ech an ics  and m odel ex p erim en ts  have been 
found usefu l fo r the pu rp o se  a t h a n d -- th is  d esp ite  the  r ic h  background 
of in fo rm ation  availab le  in  the l i te r a tu r e .  H ow ever, w ithout knowledge 
of th ese  e a r l ie r  e ffo rts  no log ica l s ta r tin g  point would be found. A m ore  
com plete  b ib liography  on the su b jec t is  given in  a r e p o r t  p re p a re d  at 
the beginning of th is  p ro je c t ^ 0 ^ .
M otion E quations fo r a M odel V o rtex
Beginning with the m e teo ro lo g ica l equations of m otion, com plete 
excep t fo r su rface  f ric tio n , w hich w ill be d isc u sse d  qu alita tiv e ly  la te r ,
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we have
dV = -1_ y>P - X V - “g - V . ( 1 )
dt p
We re so lv e  th is  equation  along c a r te s ia n  axes and co n v ert to c y l in d r i­
ca l co o rd in a tes  to ob ta in  the re la tio n s
A + D  - G -  J  = 0, B + E - H -  K = 0, and
C + F -  I ' L  = 0 ,  ( 2 )
w here
A = SVj,  -------------------------------------------- rad ia l a c ce le ra tio n
dt~
B = 8vq ----------------------------------------------- tangen tia l " ( 3 )
8t ~
C = 8w ------------------------------------------------ v e r tic a l "
9?
D = r v_8 + v „ 8  + w 8 1 - Vr—  © —-  I r
1^ 8 r  —  8© 8z J  —
Tvr 8_  + V© ^  + w Vq + Vg
8r y 8© 8 z j
 ^ advection and radial a c c e l-  8 e ration
E = |Vy ^ q ^  I g  Vy _ _ advection and tan g en tia l ac-
y c e le ra tio n
[v_8 + Vg 8 + w 8 I '8 r —  8© 8z JF  * I , v « 8 8 | w - - - "    - - advection and v e r tic a l  acce le ra tio n
G = fvg ■ ^  ------------------------------------- -C o rio lis  and p r e s s u re  ac -
p 8 r c e le ra tio n s
H = T fVy - ^ -------------------------------------C o rio lis  and p r e s s u re  ac -
p r  8© c e le ra tio n s
I = - - g ------- ----------------------------------- p re s s u re  and g ra v ity  a c c e l-
p 8z e ra tio n 8
J  = V.
2
'^0
K =
w
-viscous (sh ear) fo rc e  p e r  
unit m ass .
The notation is  s tan d a rd  fo r dynam ic m eteo ro logy  u n le ss  o th e r ­
w ise  sp e c ifie d . The L ap lac ian  o p e ra to r  h e re  is  the u su al one fo r c y l­
in d rica l co o rd in a tes . Only th o se  C o rio lis  te rm s  tha t a re  c u s to m a rily  
ignored  a re  om itted  h e re . We o b serv e  the convention that
v^ = _8r , Vg = 8 e .
8t —  8t
The conditions s ta ted  in  (1) re s u l t  fro m  the coo rd ina te  t r a n s ­
fo rm atio n , and they  m ay be s à tis f ie d  in a v a r ie ty  of w ays. The e q u a ­
tions a re  sa tis fied  e ith e r by having the te rm s  in (1) van ish  ind iv idually , 
w hich involves spec ia l a s su m p tio n s , o r  e lse  they  m u st v an ish  in the 
sum , w hich gives the com ple te  m e teo ro lo g ica l equations of m otion  in 
c y lin d rica l co o rd in a tes . The equ ivalen ts of the c ap ita l le t te r s  a re  
given in se t (3).
S pecia l A ssum ptions
F i r s t  we assu m e a s te a d y -s ta te  situa tion , s ince  the in te re s t  
h e re  is  in  the p r e s s u re  and v e lo c ity  s tru c tu re  w hile the v o rte x  is  not 
grow ing o r d iss ip a tin g . T h is  m ean s A = B = C = 0.
Now the la b o ra to ry  v o r te x  tends to  re ta in  c ir c u la r  sy m m etry  if 
a ir  e n te rs  tan g en tia lly  equally  fro m  each  side of the cage. D oub tless
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the assu m p tio n  of c ir c u la r  sy m m etry  in the d is tr ib u tio n  of the  d ep en ­
den t v a r ia b le s  v e lo c ity  and p re s s u re  is  a lso  a fa ir  one fo r som e to rn a -
g
does in the steady  s ta te . T h is g ives = 0.
The next a ssu m p tio n  is th a t the v isco u s te rm s  can  be neg lec ted . 
The ju s tif ic a tio n  is  obvious in the case  of a to rn ad o , and w as shown 
a lso  to hold  fo r the la b o ra to ry  v o rte x  in an  e a r l ie r  p ro je c t re p o r t  [ s i j  . 
F o r  s im ila r  re a so n s  we can  n eg lec t the C o rio lis  a c c e le ra tio n s . T hese  
te rm s  a re  v e ry  sm a ll in any v o rte x , even  when they a r e  ac tiv e  in d e ­
te rm in in g  the in itia l  d ire c tio n  of ro ta tio n .
The e x p re ss io n  fo r the v e r t ic a l  com ponent of v o r tic ity  is
8v^ V
= 5 .  ( 4 )8r r
The vanish ing  of T is  the n e c e s sa ry  and suffic ien t condition fo r the e x ­
is te n c e  of a  v e lo c ity  po ten tia l. In teg ra tio n  of (4) w ith 5 = 0 gives the 
fo rm u la  fo r  the v e lo c ity  p ro file  o f the w ell-know n ir ro ta t io n a l  v o rtex , 
Vgr E const. I r  ro ta tio n a l m otion is  not accep tab le  in reg io n  I of the 
v o r te x  m odel, s in ce  we seek  Vq = 0 a t the  v o rte x  c e n te r , and not 
v^ = o o .  If ir ro ta tio n a l m otion is  accep ted  fo r reg io n  II, then  we 
have the p ro b le m  of defining r^ ,  the ra d iu s  at the o u te r  l im it  of the 
v o rtex .
P ro p e r t ie s  of the M odel
The equations of m otion now a re
2
r  Vr 9_ + w ^  1
L Sr  8z J
r  Vr i  + ^  i _ l  V g+ V,L ~
[v_ 8 + w 8 ”18r 8zJ
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Vp .,= 0 ( 5 )
w = - 8p_ - g.
p 8z
The second of th e se  m ay be w ritte n
5  = - w 8Vg ( 6 )
   Î
rV - 8 z
w hich g ives the v o r tic i ty  as a function of the v e r tic a l  d is tr ib u tio n  of 
v o r te x  in ten sity . The v o rte x  is  ir ro ta tio n a l in a reg ion  w here the in ­
te n s ity  is  constan t w ith height. Since v^ is  negative and w positive for 
ra d ia l inflow, cyclonic v o r tic ity  ex is ts  w h ere  the v o rtex  in ten sity  in ­
c r e a s e s  w ith heigh t, and anticyclonic v o r tic ity  w h ere  it d e c re a se s  
w ith  height.
If we co n sid e r reg ion  II se p a ra te ly , it is p o ssib le  th a t ra d ia l 
inflow th e re  could ex is t w ith neglig ib le v e r t ic a l  m otion. With th is 
assu m p tio n  we s e t w = 0 in (5) to obtain
' V j  8 v , - V g  =  - i  ?£. ( 7 )
sT T  P
&Vg t  Vg = F  = 0  ( ir ro ta tio n a l motion)
8 r “ T
0 = -8p - pg . (h y d ro sta tic  equilibrium )
8z
Com bining the f i r s t  p a ir ,  we obtain
V r  +  V g  8 v g  =  -  i  ^
8 r a T  I* ® >
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2 Zio r  - d I + Vg 1 = dp
P
If d en sity  is  assu m ed  constant th rough  the reg io n , the p r e s s u re  drop 
is  e a s ily  re la te d  to the to tal k in e tic  en erg y  of h o riz o n ta l m otion in the 
reg ion .
In reg io n  I of the m odel we w ill specify  th a t Vj. = 0 , in w hich
c a se  con tinu ity  re q u ire s  that 8w = 0, and we ob tain  the equations of
8z
h o riz o n ta l m otion fro m  (5) as  follow s:
V 2 = 1_ ^  (cy c lo stro p h ic  flow)
T -  p 8r
( 9 )
8v = 0  (in ten sity  constant
w ith height)
0 = - ^  &£ - g . (hyd rosta tic  equilibrium )
p 8z
Irro ta tio n a l m otion  is re q u ire d  fo r th e  zone having ra d ia l in ­
flow since th is  is the only m otion schem e w hich w ill allow the p r o ­
file  o f v^ to  rem a in  unchanged (steady  sta te) w hen the p ro c e s s  of angu­
la r  m om entum  conservation  is  operating  on the a i r  p a rc e ls  as they 
m ove tow ard  sm a lle r  rad ii in  the vo rtex . Thus the s im p le r  so lu tions 
ind ica te  ir ro ta tio n a l motion as the m ost rea so n ab le  assum ption  that 
w e can  m ake fo r reg ion  II.
The s e t (9) is  m o re  applicable to reg io n  I w h ere  w e w ould su p ­
p o se  w to  be  g re a te r  than  Vj., b ecause  the a ir  en tra in ed  into I f ro m  II 
m u s t be exhausted  v e rtic a lly . T h is  se t p re d ic ts  th a t the v o rte x  in te n ­
13
sity  w ill not v a ry  w ith he igh t, bu t does not p re d ic t the form  of the r a ­
d ial p ro file  of tangen tia l ve loc ity . Note th a t th e re  a re  no r e s tr ic t io n s  
on v o r tic ity  in reg ion  I.
We a re  le f t w ithout a  p re d ic tio n  fo r the d istrib u tio n  of tan g e n ­
tia l  v e lo c ity  in  reg ion  I and w ithout a  p re d ic tio n  fo r the v e r tic a l d i s ­
trib u tio n  of v o rte x  in ten sity  in reg io n  II. We w ill a ttem pt to  in fe r  , 
th e se  la te r  from  sep a ra te  co n s id e ra tio n s .
C o n sid er the v o r tic ity  equation  for a  c ir c u la r  vortex
= < (r ) ,
which m ay  be e x p re sse d  as
'm
^  (r) r d r  ( 10 )
fo r reg ion  I. T his gives the d e s ire d  v e lo c ity  p ro file  if we can  assu m e 
a lo g ica l fo rm  fo r the ra d ia l p ro file  of v o r tic ity  in reg ion  I. Now co n ­
s id e r  the following situa tions: 1) = co n stan t / 0 .  This g ives
Vg = const X r ^ ,  w hich is  co n s tan t ve loc ity . 2) ^ ^ ( t ) .  R e g a rd ­
le s s  of the functional fo rm  of ^ ( r ) ,  the in teg ran d  becom es constan t 
when eva luated  a t the l im its ,  giving co n stan t v e lo c ity  throughout the 
region . T his is  not accep tab le . Now suppose we ex p ress  (10) as 
follows:
V r  = J  Ç (r) r d r  ( r ,^  r  ), ( 11 )
Ç = const, g ives v@ = _ ^ r , w hich is  so lid  ro ta tio n , and ^ = 2w. T h e re  
a re  few re s tr ic t io n s  on the functional fo rm  fo r j  (r) as long as  the  in ­
teg ra tio n  does not p ro ceed  to a defin ite  value  of r .  T his m ean s th a t 
we m ay  co n sid e r som e zone of unsp ec ified  d im ensions to e x is t betw een 
reg io n s  I and II to p e rm it  a tra n s itio n  fro m  the irro ta tio n a l m otion of 
reg io n  II to  any m otion sy s te m  w h atso ev er in  reg ion  I, w here the ta n ­
g en tia l velocity  is z e ro  at the c e n te r  and in c re a se s  outw ard.
T h is  tra n s itio n a l zone, of c o u rse , is  w here the ra d ia l inflow is  
changing to  v e r tic a l u p d raft. W ithin th is  zone n e ith e r w nor v^ is  
n eg lig ib le , and the se t of equations (5) m u st apply. The th ick n ess  of 
the tra n s itio n  zone eviden tly  depends on the volume ra te  of ra d ia l in ­
flow re la tiv e  to the v o rte x  d im en sio n s . T h is  zone has  s e v e ra l o th er 
in te re s tin g  p ro p e rtie s :
1) The m axim um  tan g en tia l speed  v ^  o ccu rs  th e re , since angu­
la r  m om entum  is co n se rv ed  up to the point that v^ = 0 .
2) Due to s tre a m lin e s  cu rv ing  fro m  h o rizo n ta l to v e r tic a l th e re  
is  a  cen trifu g a l a c c e le ra tio n  th e re  d ire c te d  tow ard the cen te r of the 
v o rte x  and downward.
23) The cen trifu g a l te rm  Vq is g re a te s t  in th is  zone. T h e re  is
r
no re q u ire m en t fo r a cy c lo s tro p h ic  ba lance  in the tra n s itio n  zone 
(n e ith e r s e t  (7) nor s e t (9) ap p lies  excep t at the bou n d aries). We can 
sp ecu la te  th a t the p ro file  of tan g en tia l ve loc ity  m o st re se m b le s  
reg io n  I in  its  inner h a lf  and reg io n  II in its  ou ter half.
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4) E quation (6) app lies  in the tra n s itio n  zone, w here  w and Vj. a re  
about the sam e o rd e r  of m agnitude. U nless we follow the assu m p tio n  
th a t the tra n s itio n  zone is  neg lig ib ly  th in , only overlapping  s lig h tly  in 
each  reg ion , we a re  faced  w ith  the consequence that the v o r te x  in te n ­
s ity  in c re a se s  w ith  heigh t if the v o r tic ity  is cyclonic th e re . If we w ant 
the velocity  p ro file s  in each  reg io n  to jo in  at v^i» then we m u st have
8Vq 0 in each reg ion  a lso . But fro m  (9) we saw th a t th is  is  f o r -  
dz
bidden in reg io n  I. We m u st th e re fo re  p re fe r  to co n sid e r the t r a n s i ­
tio n  zone neg lig ib ly  th in  w hen in teg ra tin g  the com plete v e lo c ity  p ro file .
5) A reaso n ab le  p ic tu re  of the tra n s itio n  of flow fro m  reg ion  II 
to reg ion  I is  one in w hich r ^  in c re a s e s  with height, i. e. , the t r a n s i ­
tio n  zone is  fu n n el-shaped , a s  shown in F ig . 1. This is  a lo g ica l 
s tre a m lin e  p a tte rn  tha t w ill p e rm it  the tra n s itio n  fro m  h o riz o n ta l to 
v e r tic a l flow to  take p lace  w ith in  a  zone of m inim um  th ick n e ss .
A side fro m  serv ing  as an exhaust duct for the ra d ia l inflow, 
reg ion  I s e rv e s  no p a r t ic u la r  function as fa r  as tangen tia l ve loc ity  
com ponent is  concerned . The reg io n  m ight as w ell be re g a rd e d  as 
an  id le r , o r  cy lin d er in so lid  ro ta tio n , w ith the tangen tia l com ponent 
being applied  to  i t  a t r ^ .  The exception  is found n ear the ground, o r 
low er boundary , w here  f r ic tio n  ac ts . If the ro ta tion  in reg io n  I is 
solid , then v isco u s fo rc e s  can a c t only a t the su rface .
The m odel fin a lly  se le c te d  h as  the rad ia l p ro file  of tan g en tia l 
v e lo c ity  s im ila r  to  the v o r te x  so m etim es  called  the R ankine com bined
16
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Figure I. Cross-section of vortex model showing zone 
of transition from horizontal component o f
flow in region IT to vertical in region X.
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v o rtex . It h a s  been  u sed  as a  m odel in the d iscu ss io n  of dust d ev ils  by 
F lo w er [ t ”]an d  by B attan  [^ l], and fo r the d iscu ss io n  of to rn ad o es  by 
F u lk s [ 9]  . H ill [11]  , Love [l*^ , and Lam b j i s j  (op. c i t . , p. 29) have 
u sed  th is  m odel fo r  p ro b le m s  in  flu id  m echan ics . To the a u th o r 's  
knowledge n e ith e r  the ju s tif ic a tio n  fo r its  se lec tio n  nor the co n sequen­
ces  of the v a rio u s  assu m p tio n s  lead ing  to th is  m odel has been  se t fo rth  
p rev io u sly . The d iffe ren ce  b e tw een  th is  m odel and the c la s s ic  one is  
th a t r ^  in c re a s e s  w ith  h e ig h t düe to  taking into accoiiht the tra n s itio n  
zone. It a lso  d iffe rs  in  th a t a  ra d ia l  velocity  com ponent e x is ts  in r e ­
gion II. In the c la s s ic  m odel the v e r t ic a l  d im en sio n  is d is re g a rd e d  e n ­
tire ly .  We m ay s t i l l  take  advantage of the c la s s ic  m odel's  s im p lic ity  
by analyzing a  h o riz o n ta l s lic e  th ro u g h  the v o r te x  a t some a r b i t r a r y  
lev e l betw een the top of the  f r ic t io n  la y e r  and the top of the vortex . 
P r e s s u r e  and h o rizo n ta l v e lo c ity  p ro f ile s  fo r the model a r e  shown 
sc h em a tic a lly  in F ig . 2.
The tan g en tia l v e lo c itie s  by reg io n s  a re  re la te d  to v ^  by the 
equations
^I = W  = ^m ^m  • ( 1 2 )
'm
S u rface  F r ic t io n  
The effect of su rfa ce  f r ic t io n  is  seen  by tak ing  Vj. = -kv^ w here 
k  is  the  coeffic ien t of s u rfa c e  f r ic tio n . The in te rp re ta tio n  is  th a t a 
ra d ia l  com ponent inw ard r e s u l ts  f ro m  slowing the tangen tia l ve loc ity
18
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P
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Figure 2. Radial profiles of tangential velocity, v^, 
radial velocity, v  ^ , and pressure  in the 
vortex model.
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com ponent below  the point w h ere  the cen trifu g a l a c c e le ra tio n  balances 
the p r e s s u re  g rad ien t. The h o rizo n ta l convergence thus p roduced  in 
the bo u n d ary  la y e r  m ay be ex p ressed  as
DiVr V = 8v + v  = - k r  8v- + v f  r  r  I  Q 0
)r r  8r
= - k j  . ( 1 3 )
8]
The m agnitude of the f ric tio n a lly  induced convergence is  thus 
seen  to  be re la te d  to the v o rtic ity . The conditions re q u ire d  for the 
m odel v o rte x  do not hold fo r  the fric tio n  la y e r , and the v e lo c ities  v^ 
and Vg in  (13) a re  un d ersto o d  to apply only in the fr ic tio n  la y e r . This 
shows tha t the f r ic tio n  la y e r  m ust be excluded fro m  co nsidera tion  in 
the m odel, o th erw ise  we would have fric tio n a lly  induced convergence 
of m agnitude 2 w'k in reg io n  I and ze ro  in reg io n  II. This would be a 
co n trad ic tio n  to the condition d e s ire d  for the m odel, nam ely  th a t r a ­
d ia l inflow occur in reg ion  II but not in reg ion  I.
R e la tio n  betw een R ad ia l Inflow and U pdraft
The re la tio n  betw een Vj. and w fo r in co m p re ss ib le  flow in the 
v o rte x  m odel m ay be found by using a p u re ly  g eo m etric  an a ly s is . We 
find the e x p ress io n  for the inflow ra te  in reg ion  II, and equate it to 
the exhaust ra te  in  reg ion  I. F ig u re  3 is a d ia g ram  of the quantities 
u sed  to ca lcu la te  the re la tio n sh ip  d e s ire d .
C onsider th a t the ra d ia l inflow o ccu rs  in a h o rizo n ta l slab  of 
th ick n ess  dz. The value of Vj. re ac h e s  a  m axim um  v ^ ^  a t the r a ­
dius r ^ ,  w hich is  the rad iu s  of the s leeve of m axim um  v o rtex  in ten -
2 0
W
4-
-f —-<■ — I
4---------1
"dz
F Igurt 3 .  Dlagrom of th e  quontitiee used to determ ine th e  relationship between
radial inflow, , and u p d ra ft,w , in th e  m o d e l vortex .
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s ity  w ith in  the slab  of th ick n ess  dz. R e c a ll th a t this m odel allows
to in c re a se  w ith  height if a ir  is  d isch a rg e d  v e rtic a lly  upw ard  in reg io n
I. The h o riz o n ta l flow through  the slab  is  Z irr^dz v  . W ithin the“ m  rm
n a rro w  funnel-shaped  reg io n  c a lled  the tra n s itio n  zone the n o n ­
tang en tia l com ponent of the flow changes fro m  horizon ta l to v e r tic a l  
a s  dep ic ted  in  F ig . 2, but a ll the w hile the ro ta tional v e lo c ity  com pon­
ent Vg continues. The v e r t ic a l  com ponent of flow is  con tained  in a 
c y lin d ric a l s leev e  of th ick n ess  d r ^ ,  and the c ro ss -s e c tio n  a re a  e l e ­
m en t dA of the u pd raft is  2 i r r ^ d r ^ .  The v e r tic a l flow ra te  then is 
2irrm  dr^^ w. Equating the two flow s g ives
w _ dz . ( 1 4 )
' 'r m  ■
Thus we see th a t v ^ ^  and w a re  re la te d  by the slope of the 
s leev e  of m axim um  v o rte x  in ten sity . In the sim ple case  w here th is  
s leeve h a s  the shape of an in v e rte d  cone, v^ .^  and w d iffe r only by a 
co n stan t, and if v ^ ^  is  co n stan t o r  v a r ie s  lin ea rly  w ith heigh t, then  
w w ill be constan t o r  v a ry  lin e a r ly  w ith v o rte x  rad ius.
The re la tio n sh ip  m ay  a lso  be solved fo r a v arie ty  of sleeve 
shapes w here  the sleeve is  definab le  as a su rface  of revo lu tion . Sup­
p o se , fo r excunple, th a t the s leev e  is  a parabolo id  of revo lu tion  b ran  eh- 
in  g j  ad '.ially w ith  apex  a t the ground, and tha t r ^ q  is  w here  the 
s leev e  in te rs e c ts  the ground, T he  equatiop of the s leeve  is
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“ = S 'm o  < 'm  - ’•mo) 
and ( 1 5 )
42- = ^ ”m o 
1
"  = 4 fm o  '’rm  = "rm
,1
2r mo
r -r m  ^mo
T his g ives su ffic ien t re la tio n sh ip s  to  specify  the ra d ia l  d is tr ib u tio n  of 
•w. To avoid infin ite  u p d raft v e loc ity  at the su rface  we would re q u ire  
Vj.jjj = 0 a t the su rface . At any r a te ,  we see  tha t the p a rab o lic  sleeve 
in th is  c a se  would give a " je t- l ik e "  c h a ra c te r  to the updraft, i. e. , 
h ig h e r v e lo c itie s  n e a r  r ^ ^  and d e c re a s in g  ra d ia lly  in p ro p o rtio n  to 
the sq u are  ro o t of the d is tan ce . The p arab o lic  sleeve is analyzed  
h e re  only to se rv e  as an exam ple, fo r  th e re  is no indication  th a t a t ­
m o sp h eric  v o r tic e s  have th is  c h a ra c te r is t ic .
In developing the m odel, the assu m p tio n  th a t Vj. = 0 in reg io n  I
gave the r e s u l t  th a t 8vq = 0 in  the equations of m otion. T his r e q u ir e -
8z
m ent m u st a lso  be m e t in reg ion  II in  o rd e r  that the  m axim um  tan g en ­
tia l  v e lo c ity  v ^  w ill be com m on to both reg io n s. The re s tr ic t io n  on 
sh ea r of tan g en tia l v e lo c ity  C cin be rem oved  for the purpose of t r e a t ­
ing a s im ila r  m odel in w hich the in te n s ity  v a r ie s  w ith  height. Such a 
re fin em en t is  not re q u ire d  fo r the p ro b le m  at hand, but m ay  be of in ­
te r e s t  fo r o th e r ap p lica tio n s. F o r  th is  c a se  v^ w ill v a ry  along r ^  and 
we w rite
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dvj  ^ avj + avj dz =  ^ 9vj dz ^
W -  3 Z - 3 F ^  8z d r „
and s im ila r ly
%  = - ' 'm V  +
Since dv^ dv ^  _  n  , we have
d r dr rn xn
f ! ls  - !Il1 ^
L 8z 9z J dr = w m
r^  + r ^  m
rZ
, w h ere  it is u n d e r­
stood th a t r  is the rad iu s  in reg ion  II a t which 9;/^^ o ccu rs . Note also
dz
9vtth a t w hen __1 is  sp ec ified , the v e r t ic a l  v a ria tio n  of v o rtex  in ten sity  m ay
8z
be ca lcu la ted  e a s ily  fo r any v o rte x  whose sleeve of m axim um  veloc ity  is 
e x p re ss ib le  as a su rface  of revo lu tion .
We now have su ffic ien t re la tio n sh ip s  to specify  com plete ly  the 
fie ld  of h o rizo n ta l and v e r tic a l m otion for a m odel vortex . W ith th is  
acco m p lish ed  we p ro ceed  with the investiga tion  of the o ther p ro p e rtie s  
of the m odel.
P r e s s u re  Drop
As s ta ted  e a r l ie r ,  we w ill re q u ire  a re la tio n sh ip  betw een  the 
m ax im um  tan g en tia l ve locity  v ^  and the p r e s s u re  drop betw een the 
v o rte x  c e n te r  and am bien t in o rd e r  to com pare the  v o rtex  m odel w ith
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to rnad ic  v o r tic e s .
C om paring equation s e ts  ( 7) and (9) we see  th a t the p re s s u re  
drop  is to  be ca lcu la ted  by d iffe re n t m ethods in  each  reg io n . The cy- 
c lo stro p h ic  assum ption  holds in  reg ion  I, thus fro m  (9) and
m
^ P l
Jo
r
/  ni
_  2 . pvj ^
r
= P
J
2 2 
V r  d r  = pvm m ( 16 )
if we n eg lec t d en sity  changes along r .
Equation (8) te l ls  us th a t in reg ion  II we can  re la te  the p re s s u re  
drop  to the to ta l k ine tic  en e rg y  of h o riz o n ta l m otion, or
A  Pjj = P d
To see  how v a r ie s  along r ,  co n s id e r th a t it m u st in c re a se  in ­
w ard  as the a re a  of the v o r te x  cy lin d er d e c re a se s  inw ard . In keeping 
w ith the assum ption  of co n stan t density , 
v_ = 2irr h o r v  = v .m
rm 2irrh
w here  h is  the heigh t of the cy lin d e r of converging a ir .  Thus we see 
th a t Vy obeys the sam e law  as  v^ in  reg ion  II, so th a t fro m  equation 
(8) we obtain
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Z ’ .ù.
I I "  """m
2 2 
Vrm
1r m
o r  A P t t^ £ | v  + v _  I ( 1 7 )
The to ta l p r e s s u re  d rop  is
A p = A P i + A P jj = P | j n /  +
The in te g ra tio n  m ay  be c a r r ie d  to som e a rb i tr a r y  ra d iu s  r^  i n ­
s tead  of to in fin ity , if p re fe r re d .
The to ta l p r e s s u re  d rop  is equal to the k ine tic  en erg y  of the 
m axim um  ra d ia l  v e lo c ity  com ponent plus tw ice the k in e tic  en e rg y  of 
the m axim um  tan g en tia l ve loc ity  com ponent.
T his type of s te a d y -s ta te  v o rtex  re q u ire s  only su ffic ien t ra d ia l 
inflow to  m ain ta in  the v e lo c ity  p ro file  in reg io n  II th rough  the p ro c e ss  
of angu lar m om entum  co n serv a tio n . E s se n tia lly  th is  m eans o v e rc o m ­
ing the re la tiv e ly  s m a ll v isco u s fo rc e s . The m odel c a lls  fo r t r a n s i ­
tion  of ra d ia l flow to  v e r t ic a l  flow betw een reg ions I and II, so tha t
V can be estim a ted  if  the v ertica l flow rate is  known, and th is is rin
eas ily  acco m p lish ed  fo r the  lab o ra to ry  v o rtex . T h is  com ple tes  the 
f i r s t  s tep  in  p re p a ra tio n  fo r the s im ila r ity  an a ly s is , nam ely  tha t of 
specifying the tan g en tia l ve locity  fie ld  in te rm s  of p r e s s u re  drop  and 
o th e r p a ra m e te r s  e a s ily  m easu red  in the la b o ra to ry  v o rtex .
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R ad ia l Inflow F a c to r  
The nex t step  is to com pare  the m odel w ith  the to rn ad o . B ecause 
of the ra th e r  wide v a r ie ty  of tornado ty p es , we w ill acknow ledge at the 
beginning th a t th is  an a ly sis  applies only to a to rnado  having a v e lo c ity  
fie ld  s im ila r  to the m odel. The m issing  link  is  the value to u se  fo r the 
ra d ia l ve loc ity  com ponent v ^ ^  for reg ion  II of the to rnado . We noted 
e a r l ie r  th a t v^ and Vjj v a ry  in v e rse ly  w ith  r , and thus
''II "m
w h ere  K is  a " ra d ia l  inflow fa c to r" , constan t a t any po in t in  reg io n  II 
du ring  the s tead y  s ta te . In p ra c tic e  th is  fa c to r  m ay p ro v e  d ifficu lt to 
m e a su re  in the v ic in ity  of a to rnado , since  it re q u ire s  a  wind read ing  
at the p re c is e  m om ent th a t the cen te r of the to rnado  can  be asce rta in ed . 
But the ca lcu la tio n  is fa c ilita ted  by the fac t th a t the m e a su re m e n t need 
not be m ade in e sp ec ia lly  strong  w inds, as  long as  the flow is defin itely  
a sso c ia te d  w ith  the tornado. This is  b ecau se  K th e o re tic a lly  is  con ­
s tan t throughout the region .
E quation  (18) can now be w ritten  in d im en sio n less  fo rm  as
s
w h ere  E is  the E u le r  num ber. F o r the p u rp o se  of dynam ic s im ilitu d e  
we re q u ire  th a t
E (model) = E (tornado)
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in w hich case
(tornado) _
(model)
(tornado) 
j&p (model) _
, ( 2 1 )
p rov ided  th a t the K fac to r is  the sam e for each , or e lse  is  neg lig ib ly  
sm all.
It is  ea s ily  seen  th a t n eg lec t of the K fac to r am ounts to re la tin g  
to p r e s s u re  d rop  by use  of the cyc lo stro p h ic  assum ption , a  c o m ­
m on p ra c tic e  among in v es tig a to rs  who have used  a s im ila r  v o rtex  
m odel fo r the ca lcu la tion  of such re la tio n sh ip s . The m agnitude of the 
e r r o r  as a  function of K is shown in  F ig . 4. The ex trem e  ca se  m ay  
be re g a rd e d  as th a t in w hich K = 1 (ra d ia l and tan g en tia l com ponents 
equal) giving v ^  18 .4  p e r  cen t too la rg e  for a given p re s s u re  drop.
In d iscu ss in g  to rnadoes we a re  m ain ly  in te re s te d  in  a m axim um  r e ­
su ltan t ve loc ity  V, w hich is  the v ec to r sum  of Vj^ and v ^ ^ ,  o r
V ' = >
The cyc lo stro p h ic  approxim ation  is s a tis fa c to ry  fo r reg ion  II 
a lone, as long as  it is  understood  th a t V is in tended in stead  of v ^ .  
H ow ever, th is  h as  no p ra c tic a l u se , since it  would req u ire  th a t A.p 
be m e a su re d  at the poin t of m axim um  velocity . T h is would be m o st 
d ifficu lt, i f  not im p o ssib le . C le a r ly  the cy c lo stro p h ic  assum ption  
cannot be u sed  to  e s tim a te  c o r re c t ly  any com ponent of v o rtex  velocity  
fro m  v o rte x  to ta l p re s s u re  drop. H ow ever, w here  th is  has been  done.
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Figure 4. Per cenf e rro r In cyclostrophic approximation 
os a function of K - fa c to r  for the  model 
vortex.
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the values so ca lcu la ted  m ay  be c o r re c te d  upon m ultip ly ing  by the 
co rrec tio n  fac to r = 1 1^ . ( 2 3 )
It m ay be th a t K is so m etim es  f a ir ly  sm a ll in a  to rnado , but K 
can  n ev er be zero  in a s te a d y -s ta te  v o rte x  of th is  type, and i t  seem s 
reaso n ab ly  c e r ta in  th a t is not neg lig ib le .
In one ex p erim en t w ith the op tim ized  la b o ra to ry  v o rtex  it  w as 
found th a t K = 0 , 3 6  for a ll p r e s s u re  d rops betw een 0. 5 and 3. 6 cm  
H 2O, co rrespond ing  to m axim um  tan g en tia l v e lo c itie s  ranging from  
13. 9 m ph to 38. 0 mph. The m axim um  re su lta n t v e lo c ities  c o r r e s ­
ponding to  th is  situa tion  a re  14. 8 mph and 40.3 mph re sp ec tiv e ly . The
3 - 3d en s ity  p is téiken as 1 .3  x  10” g cm  fo r th is  calcu la tion .
The cy clostroph ic  assu m p tio n  would have given 14.3  m ph and 
39.0 m ph. T hese  values a re  not c o r re c t  fo r e ith e r  t  zing en tia l or r e ­
su ltan t v e lo c itie s . While the e r r o r  is not v e ry  la rg e  in th is  c a se , it 
could be co n sid e rab le  fo r la rg e r  K fa c to rs .
If the la rg e r  p r e s s u re  d rop  of 3. 6 cm  H 2O with a re su lta n t v e l­
o c ity  of 40. 3 mph is  assu m ed  to  co rre sp o n d  to  the la rg e s t  p r e s s u re  
drop  ev er re p o rte d  for a to rn ad o , which is  0 .2  a tm o sp h e res , then 
fro m  equations (2 1 )^ d  (22)
V (tornado) _
V (model)
'  0 .2  1 = 
O.OO35J
i
& .
 7 .5 8 ;
w hich gives V (tornado) = 305 m ph. T h is  is a reaso n ab le  approxim a-
30
tion, and w ill be u sed  la te r  as the ve loc ity  sca le  fa c to r  fo r c e r ta in  co m ­
p a riso n s  betw een m odel and to rnado .
V elocity  D is tr ib u tio n  in the E x p e rim en ta l V ortex
Equation  (20) g ives the re la tio n sh ip  betw een v o rte x  to ta l p r e s ­
su re  drop and m axim um  tan g en tia l v e lo c ity  fo r the m odel vo rtex . This 
equation is graphed in  F ig . 5. The four ex p erim en ta l d a ta  po in ts w ere  
m ea su red  in the v o r te x  cage fo r  a fa s t v o rtex  ( A p  = 36 m m  H^O) and 
a slow v o rte x  ( / i p  = 14 m m  H 2O) and fo r K = 0. 36. The v e lo c ity  in ­
stru m en ta tio n  co n s is ted  of a stagna tion  p re s s u re  p ro b e , o r  p ito t tube, 
and a sm all "cup" an em o m ete r, w hich a re  shown in  F ig . 6. E a c h  of 
th ese  in s tru m en ts  w as sp ec ia lly  co n s tru c ted  fo r m ea su rem e n ts  in  the 
v o rtex  cage. The in s tru m e n ts  w ere  ca lib ra te d  ag a in st a s tan d a rd  
stagnation  p re s s u re  v e lo m e te r . A M eriam  oil m an o m ete r w as used  
w ith the p re s s u re  p ro b e , and a s tro b o sco p e  w as u sed  to tim e the speed 
of the anem om eter.
R ad ia l p ro file s  of a ir  speed  w ere  m easu red  by each in s tru m e n t 
in the reg ion  of the v o r te x  to w hich it  is  b e s t su ited . The p re s s u re  
p robe is  unsu itab le  a t v o rtex  ra d ii  le s s  than one inch, s ince the p ro b e  
itse lf  is  0. 5 in  w ide, and d is tu rb s  the v o rte x  e x c ess iv e ly  at sm a ll 
rad ii. The p re s s u re  p ro b e  is  not u se fu l fo r v e lo c itie s  le s s  than about 
7 mph. The p ra c tic a l  lim ita tio n  of the an em o m eter w as betw een ra d ii  
of 0. 25 in and 1. 5 in. At la rg e r  ra d ii  the d rag  on the cup a rm s  b e ­
com es sign ifican t, and at sm a lle r  ra d ii  the d ia m e te r  of the cups
31
#0
40
Fast Vorttx
80
9  Small Cup Anemometer
□  Stognotton Preeeure 
Velometer
20
Slow Vortex
10
0 60 7020 30 8010 40
v„(m ph)
Fig. 5 Theoretical curve of vs. Ap for the laboratory 
vortex for K- factor «0 .36 .
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m easu rin g  v e lo c itie s  in  the la b o ra to ry  v o rtex .
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(0. 2 in) is  the lim iting  fa c to r. The cup an em o m ete r w as cen te re d  in 
the cag e , and m easu rem en ts  a t d iffe ren t ra d ii  w e re  m ade by ad justing  
the  leng ths of the cup a rm s .
F ig s .  7 and 8 give m e asu re m en ts  of the ra d ia l  p ro file s  of tan  ­
g en tia l and v e rtic a l velocity  fo r the fa s t and slow  v o r tic e s , r e s p e c ­
tiv e ly . The th eo re tic a l cu rv es , b ased  on the m odel v o rtex , a re  d raw n 
fo r co m p ariso n . The ag reem en t is  b e s t at the rad iu s  of m axim um  
v e lo c ity , bu t is also fa ir  a t g re a te r  ra d ii. A ctually , the data  po in ts 
c o rre sp o n d  m o re  c lose ly  to the re su lta n t v e lo c itie s , acco rd ing  to 
equation  (22), than to  the tan g en tia l v e lo c itie s . This is  shown by the 
d ash  lin e s  in  F ig s . 7 and 8. Of co u rse , th is  is  what would be ex p ec t­
ed fro m  the type of in s tru m en ta tio n  used . Indiv idual d a ta  poin ts a re  
re p ro d u c ib le  to the n e a re s t  0. 5 m ph, so th a t th e  d isc re p a n cy  m ay not 
be a ttr ib u te d  to lack of p re c is io n  in  m e a su re m e n t. The curve of the 
d a ta  po in ts  h as  the shape of the th e o re tic a l c u rv e , so we can assu m e  
th a t the v e lo c ity  p ro files  d ep a rt fro m  th eo ry  by a sm a ll but constan t 
am ount. Inside the sleeve of m axim um  v e lo c ity  th e re  is a re g u la r  
p u lsa tio n  of the vortex  w ith  a p e rio d  of about one second, and th is  
p u lsa tio n  of in tensity  m akes it d ifficu lt to  " fre e z e "  the anem om eter 
w ith the s tro b o sco p e . The data  poin ts th e re  ac tu a lly  r e p re s e n t the 
peak s  of th e se  su rg es  in  ve locity , since it  p ro v ed  e a s ie r  to m e a su re  
the p eak s  than  the lu lls . It is  not known w h e th e r the pu lsa tio n  is due 
to the in s tru m en ta tio n  o r is  a c h a ra c te r is t ic  of the vortex,, how ever
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o th e r  p u lsa tio n  phenom ena have been noted in the v o rtex , and th ese  
w ill be d isc u ssed  la te r .  The average ve loc ity , if it w ere  m e a su ra b le , 
would show b e tte r  ag reem en t w ith the th e o re tic a l cu rv e .
R e c a ll tha t the m otion equations fo r reg io n  I did not specify  the 
p ro file  of tangen tia l ve loc ity  th e re . We noted e a r l ie r  tha t th is  p r o ­
file  could be deduced fro m  equation (11) if the d is tr ib u tio n  of v o r t ic ­
ity  is known. In p a r t ic u la r  equation (11) is s a tis f ie d  by a function of 
the fo rm
^ ( r )  = C ( n + 1 ) r ”  S  
w h ere  C is a co n stan t having the d im ensions T"^ L~^ . In th is  case
the v e lo c ity  p ro file  is
v^(r) = C r*.
The c o n s tan t C m ay  be evaluated  by teiking n = 1 as
The d a ta  poin ts fo r Vg in reg ion  I of F ig u re  7 a re  fitted  app rox im ate ly
by taking n = l /Z , in w hich case
.1 _
T his re fin em en t is  u n n e c e ssa ry  for the p ro b lem  at hand, but the 
m ethod  is  app licab le  w h ere  da ta  points in  reg ion  I can  be obtained  
w ith  su ffic ien t a ccu racy  to  a s su re  that th e re  is  a co n sid e rab le  d e ­
p a r tu re  fro m  the assum ption  of solid  ro ta tio n . T his re fin em en t is 
only  a second app rox im ation , since it m u st be excluded fro m  the v o r ­
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tex  ax is, w h ere  o therw ise  we would have infin ite  v o r tic ity . On the 
o th er hand , th e re  is  no re a so n  to ob jec t to the idea  th a t the v o r tic ity  
m ay becom e v e ry  la rg e  at sm all v o rte x  rad iu s , s in ce  th is  a g re e s  w ith 
the o b se rv a tio n  (d iscu ssed  in C hapter III) th a t the reg io n  I v o rte x  grows 
v e r tic a lly  to boundaries  quite rap id ly , experiencing  re m a rk a b ly  l i t t le  
d e c re a se  in  in ten sity  as it p ro ceed s.
The ra d ia l p ro file  of v e r tic a l ve locity  is ap p ro x im ate ly  l in e a r , 
as th e o re tic a lly  it should be , if the v o rtex  sleeve is  a con ical su rface , 
and if v ^ ^  has a lin e a r  v a ria tio n  along the s leeve. In te re s tin g ly  
enough, the m axim um  ro ta tio n  ve locity  is g re a te r  than  the u p d ra ft 
velocity  fo r  the slow v o rtex , but not fo r the fa s t one, ind icating  th a t 
th e re  is  som e optim um  u p d ra ft ve loc ity  tha t w ill be m o st e ffic ien t in 
m ax im izing  the v o rtex  in tensity .
The th e o re tic a l cu rv es  w ere  d e riv ed  fro m  the equations of m o ­
tion , p a r t ic u la r iz e d  to the m odel v o rtex . The la b o ra to ry  v o rte x  has 
been  shown to b e a r  a reaso n ab ly  c lo se  resem b lan ce  to the th e o re tic a l 
m odel. F u r th e r ,  the la b o ra to ry  v o rte x  is g en era ted  in  such  a m anner 
as to  b e a r  the fe a tu re s  g en e ra lly  a ttrib u ted  to  the to rn ad o , at le a s t  
w ithin the lim ita tio n s  of a la b o ra to ry  m odeling ex p erim en t of th is  
kind. H encefo rth  we w ill use  data  fro m  both m odel and la b o ra to ry  
v o rtex  to a s s i s t  in ca lcu la tio n s  that would be im p o ssib le  w ithout th ese  
too ls.
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E ffec ts  of E le c tr ic a l  D isch a rg e  In side  the S teady V o rtex  
N um erous docum ented o b se rv a tio n s  of e le c tr ic a l d isc h a rg e s  in ­
side  to rnadoes has led  Vonnegut to question w hether the a s s o c ia ­
tio n  is p u re ly  fo rtu ito u s . V onnegut w as ab le  to show th a t the e le c t r i ­
c a l d isp lay  cannot be  caused  by the v o rte x  itself. P re su m a b ly  th e re  
could be e lec trodynam ic  o r th e rm a l e ffec ts  on the vortex , o r both.
To in v estig a te  th e se  e ffec ts , we w ill derive new m otion equations 
w ith  e lec tro d y n am ic  a c c e le ra tio n  te rm s ,  and evaluate the m agnitude of 
e lec tro d y n am ic  te rm s  re la tiv e  to aerodynam ic  te rm s . Then the th e rm ­
al effec t of a  d isch a rg e  w ill be d isc u sse d , and ex perim en ta l evidence 
c ited  to  a s se s s  its  im p o rtan ce .
Motion E quation  w ith  E lec trodynam ic  A cce le ra tio n s  
L e t us suppose th a t a v o rte x  reg io n  is  ren d ered  conducting by 
v irtu e  of a co n cen tra tio n  of ions re su ltin g  from  e le c tr ic a l  d isch a rg e .
A c u r re n t  density  j is defined by the m otions of the ions, and a m a g ­
n e tic  fo rce  B is p re se n t due to the c u r re n t  and also  due to the geo m ag ­
n e tic  fie ld . The com plete  equation  of m otion  is:
^  ^  y p  - 2Î2 X V - l /V ^ V  + ( T x  B ) J ( 2 4 )
dt p p
w h ere  the la t te r  te r m  tcikes into account the Lorentz a c ce le ra tio n  on 
the ch arg ed  p a r t ic le s .  I f  as b e fo re  we reso lv e  the v e c to r  a c c e le r a ­
tio n  com ponents along cartesié in  co o rd in a te  axes, convert to c y lin d r i­
ca l co o rd in a tes , n eg lec t C o rio lis  and v isco u s te rm s , and assu m e
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s te a d y -s ta te  m otion and c irc u la r  sy m m etry , we ob tain  the se t
9r
( 25 )
V j . 8 v e  +  w 9 v q  +  V e V p  = 1 ( B ^ j g  -  B ^ j ^ )
9 r 9z r  p
Vj.9w + w9w =) - g (8p - Bgjj. + B^Jq)
9r 9z P 9z
T h is  s e t of equations m ight be ca lled  the h y d ro -e lec tro d y n am ic  m otion
equations fo r a  c y lin d rica l vo rtex .
If a steady s ta te  is to ex is t we m u st req u ire  th a t B and j ad just 
to a  s itu a tio n  in w hich the d is trib u tio n  of ion con cen tra tio n s  w ithin  the 
v o r te x  rem ain s  constan t. We m ight suppose that such a re q u irem en t 
could be m et in  a s teady  v o rte x  having a  continuous e le c tr ic a l  d isch arg e  
along its  ax is of ro ta tion . We know that the v o rte x  cen te r  is  a  p r e ­
f e r r e d  path  fo r the d isch a rg e  (see  Vonnegut, M oore and H a r r is  
and a lso  W ilkins ^3lJ).
In applying the new m otion equations to our v o rte x  m odel, we 
m u st inqu ire  into the re la tiv e  im p o rtan ce  of the v a rio u s  e lectrodynam ic 
te r m s .  A tsuigential acce le ra tio n  w ill d eriv e  fro m  a com bination of 
ax ia l e le c tr ic  fie ld  and ra d ia l m agnetic  fie ld , or f ro m  a com bination 
of a x ia l m agnetic fie ld  and ra d ia l e le c tr ic  fie ld . But we cannot con­
ceive of any w ay w hatso ev er th a t a  ra d ia l m agnetic fie ld  can ex is t
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under the c irc u m s ta n c e s  of o u r p ro b le m , so we r e je c t  the f i r s t  of th e se  
situ a tio n s  im m ed ia te ly . T his gives = 0 in the above se t of eq u a­
tio n s. N eith er can  a ra d ia l e le c tr ic  fie ld  have an im p o rtan t m agnitude 
in the p re se n c e  of the ax ial fie ld  m ain ta in ing  the d isch a rg e . We see 
th a t a tan g en tia l e lec tro d y n am ic  fo rce  is  v e ry  un likely , but we w ill 
seek  fo r o th e r e lec tro d y n am ic  effec ts  on the vo rtex . A sm a ll c u r re n t 
d en s ity  j^  e x is ts  due to  the ro ta tio n  of ch a rg e s  in the vo rtex , giving 
r is e  to a v e ry  sm a ll com ponent of T h is con tribu tion  to is
neg lig ib le  co m p ared  w ith the geom agnetic  com ponent of B^. Bg re s u lts  
fro m  the c u r re n t  d en s ity  d ire c te d  along the v o rte x  ax is. A ra d ia l 
c u r re n t  jj. r e s u l ts  if p ositive  ions escap e  outw ard fro m  the d isc h a rg e  
colvunn. It is  the p a r t ia l  inhib ition  of th is  escape th a t m akes the v o r ­
tex  ax is a p r e fe r r e d  path  fo r the d isch a rg e .
R etu rn ing  to  the v o rtex  m odel and reso lv in g  the m otion equations 
into reg io n s , we f in d  in  reg ion  I w here  Vj. = 0,
V  - 1 ^  = M B gjz  - BzJe) 
r p 8r p
( 26 )
8z p
0 = - g - - ^ B ^ jj.,
p dz p
and w is  given by equation (14). In reg io n  II, w here  w = o,
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Vr = ■ i  ^  " i  jz)
8r r p 8r p
= - i  ®zJr (27)
P
g + i ® E =  L ^ e  jr
p 8z p
The s e ts  (26) and (27) r e p re s e n t  the equations of the h y d ro -e le c tro d y ­
n am ic  m otions fo r our m odel v o rte x , fu r th e r  p a r t ic u la r iz e d  to the 
condition  of an e le c tr ic a l  d isc h a rg e  along the v o rte x  axis.
The conditions of our p ro b le m  re q u ire  th a t be negative in the 
N o rth e rn  H em isp h e re , and th a t be p o s itiv e . is  positive  when 
is  p o sitiv e  (cyclonic sen se  w hen p o sitiv e  ch a rg e s  flow upw ard in the 
v o r te x  cen te r). This is  co n s is ten t w ith a negative  charge ce n te r  in 
th e  th u n d e rs to rm  cloud d isch a rg in g  th rough  the v o rte x  to  the ground.
The m o st im p o rtan t co n tr ib u to r  to tan g en tia l m otion in  the v o r ­
tex , Bgjy, o ccu rs  in the second equation of each  se t. In reg io n  I th is 
t e r m  gives v o rte x  in ten sity  in c re a s in g  w ith  heigh t. In reg ion  II the 
e ffec t of th is  te r m  should be e n tire ly  n eg lig ib le , since the d isch a rg e  
o c c u rs  in reg ion  I. The p o ss ib le  m agn itudes of the e lectrodynam ic 
te r m s  w ill be d isc u sse d  la te r .
In the f i r s t  of se t (26) we see  th a t B^jg and B^j^ m ake a positive  
co n trib u tio n  to the  cy c lo s tro p h ic  im balance  in  reg io n  I, since Bg is
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n egative . In o th e r w o rd s , the cen trifu g a l acce le ra tio n  m u st b a lan ce  both 
the p re s s u re  g rad ien t and the e lectrodynam ic a c c e le ra tio n s . The d i s ­
charge c u r re n t,  j^ , m ay  be quite la rg e . is  the c irc u la r  m agnetic  
fie ld  re su ltin g  fro m  the  d isc h a rg e  c u r re n t ,  and h a s  the value
Be = I (28)
Zirar
at d is ta n ce s  fro m  the v o rte x  ax is th a t a re  sm all com pared  w ith the 
length of the d isch a rg e . Here I is the d ischarge  c u r re n t  (= tim e s  
c ro ss  sec tio n  a re a  of discharge) and a is  the e lec tro m ag n e tic  constan t. 
Thus th e  e lec tro d y n am ic  te rm  tends tow ard  an in c re a se  in v o rte x  in ­
ten s ity  in reg ion  I if the p r e s s u re  g rad ien t rem ains constan t. The 
m agnitude of would be m o st d ifficu lt to c a lc u la te , but m u st be v e ry  
sm all co m p ared  w ith B ^jg , s ince m u st be v e ry  sm a ll a t any a p p re c i­
able d is tan ce  fro m  the ce n te r  of the d isch arg e . B^jg seem s to be the 
m o st im p o rtan t e lec tro d y n am ic  fo rc e  te rm .
The th ird  equation in  s e t  (26) te l ls  us th a t a  d e p a r tu re  fro m  h y ­
d ro s ta tic  eq u ilib riu m  re s u lts  f ro m  an e lec trodynam ic effect.
R egion II is f a r th e r  rem oved  fro m  the d isch a rg e , and the e le c ­
tro d y n am ic  te rm s  thus m ake m uch sm a lle r  con tribu tions to the m otion 
th e re . As we sha ll see  la te r ,  the e lectrodynam ic effect is  a lso  n e g li­
gible in  reg ion  I.
The P o ss ib le  M agnitude of the E lec trodynam ic E ffec t 
R etu rn in g  to the co n tribu tion  fro m  the Bgj^ fo rc e , we find th a t
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it m u s t have the m agnitude
B i = —® z 2ir oAr
w h ere  A is  the c ro s s  sec tio n  a re a  of the d isch a rg e . F o r  a s teady  d is ­
ch a rg e , then , th is  e lec tro d y n am ic  te rm  v a r ie s  in v e rse ly  w ith  rad iu s .
In reg ion  I, w h ere  the d isc h a rg e  is  a ssu m ed  to o ccu r, the cen trifu g a l 
te rm  m u st be p ro p o rtio n a l to  r ,  owing to the ve loc ity  d is tr ib u tio n  in 
reg ion  I. T h is is  shown by equation (12). If the flow w ere  to rem a in  
cy c lo stro p h ic  in th is  reg ion  then  the p re s s u re  g ra d ie n t would a lso  v ary  
d ire c tly  w ith r . T h e re fo re , the re la tiv e  im portance of the e le c tro d y ­
n am ic  effect m u st d e c re a se  v e ry  rap id ly  w ith d is tan ce  fro m  the vortex  
ax is .
The av erag e  lightning s tro k e  c a r r ie s  a ch arg e  of about 20 
C oulom bs. If we assu m e  th a t the "steady" d isch a rg e  could c a r r y  charge 
a t the  sam e ra te  th a t o c c u rs  during su ccess iv e  lightning s tro k e s  in the 
sam e th u n d e rs to rm , then J o n e s ’ ^ ^ o b s e r v a t io n  of 20 s tro k e s  p e r  
second would give I = 400 am p. The d iam eter of the d isc h a rg e  is  not 
known. W hile we ca ll it a  " s tead y "  d isch a rg e , it is  m o re  lik e ly  to be a 
long s e r ie s  of d isc h a rg es  in  rap id  su ccessio n . A ccording to  Hagenguth 
jl(^, the m axim um  d ia m e te r  of individual s tro k es  p ro b ab ly  is  about 5 
cm , giving A “= 20 cm ^. F o r  d ensity  = 10^ gm m ”^, we have
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in MKS u n its , o r  Newtons kg~^. M ultip lica tion  by 100 co n v erts  to cgs 
u n its  (10^ dynes N ew ton"Y 10^g kg Y , o r  dynes gm "^.
We can s e t  up a hypo thetica l s itu a tio n  for the  p u rp o se  of co m ­
p arin g  th is  te rm  w ith th a t of the c en trifu g a l a c c e le ra tio n . L e t =
10 cm  sec  ^and r ^  = lO ^cm , w hich is reaso n ab le  fo r a to rn ad o . At a
rad iu s  of one m e te r  in the v o rte x  the c en trifu g a l a c c e le ra tio n  would be 
-2100 cm  sec  , and the e lec tro d y n am ic  a c c e le ra tio n  would be 0. 125 cm  
s e c “^. T h is  a s s e s s e s  the  m o st im p o rtan t e lec tro d y n am ic  te rm . Since 
the e lec tro d y n am ic  a cc e le ra tio n  is  neg lig ib le  in th is  ca lcu la tio n  even 
v e ry  n e a r  the c e n te r  of th e  v o rtex , and s ince  it d e c re a se s  w ith  in c reasin g  
rad iu s  (w hereas the cen trifu g a l and p r e s s u re  g rad ien t a c c e le ra tio n s  
in c re a se  w ith  rad iu s  in reg ion  I) we p re su m e  th a t a  continuous e le c tr ic a l 
d isc h a rg e  in  the co re  of a  to rnado  w ill not m ake a s ig n ifican t con tribu tion  
to v o rte x  in ten sity  as a r e s u l t  of e lec tro d y n am ic  e ffec ts .
T h e rm al E ffec t of the D isch arg e  
We vould expect then , th a t when an e le c tr ic a l  d isch a rg e  o ccu rs  
in side  of a to rnado  that the effect, if any, would be p u re ly  th e rm a l in 
n a tu re . P re su m a b ly  the h ea t added by the d isch a rg e  could prov ide  
add itional buoyancy energy  a t v o rte x  c e n te r , in c reas in g  the upd raft 
velocity , adding to the ra d ia l  inflow, and allowing the v o rte x  in ten sity  
to in c re a se  by co n serv in g  the  angu lar m om entum  of the add itional inflow. 
On the o th e r  hand, the v o rte x  m u st do w ork  ag a in s t the th e rm a l expan -
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s ion if it is  no t to  in c re a se  in  s ize . An in c re a se  in size  would d e c re a se  
the v o rtex  in ten sity  by an g u lar m om entum  co n serv a tio n , and confinem ent 
of the th e rm a lly  expanding co re  would a lso  re q u ire  energy  fro m  the v o r ­
tex .
The tru e  n a tu re  of the e le c tr ic a l  d isc h a rg e  som etim es seen  in
to rn ad o es  is not known, and th e re fo re  the en e rg y  lib e ra te d  cam be only
cru d e ly  es tim a ted . The en e rg y  of the a v e rag e  c loud-to -g round  lightning
stro k e  is  about 10^^ e rg s  acco rd ing  to Schonland [zs] and the s tro k e  ra te
in a given reg io n  can  be as h igh  as 20 p e r  second. This p roduction  of 
18  -12 X 10 e rg s  sec"  of en erg y  m u st have an effect on a tornado if the 
energy  is lib e ra te d  along its  ax is . The question  rem a in s  w hether an 
in c re a se  o r a d e c re a se  in  to rnado  in te n s ity  w ill re su lt .
One m ethod fo r analyzing  th is  effec t is  by assum ing  v o rte x  co n ­
tra c tio n , o r a  change fro m  one s teady  s ta te  to  another as a re s u lt  of 
w ork  done by the add itional buoyancy. T his p ro c e ss  is  d ea lt w ith in 
C h ap ter III. S till an o th er m ethod is  to co m p are  s te a d y -s ta te  v o r tic e s  
of the sam e s iz e , one w ith  the d isch a rg e  in s id e , and one w ithout. Since 
the m otion equations cannot take  into account the effect of a h ea t sou rce  
along the v o rte x  ax is , we can  b e s t in v estig a te  th is effect ex p erim en ta lly .
E x p e rim en ta l evaluation . The p u rp o se  of th ese  ex p erim en ts  w as 
to  in v estig a te  the th e rm a l effec t of a continuous e le c tr ic a l  d isch a rg e  on 
a  s te a d y -s ta te  v o rtex . The v o rte x  is  the " fa s t"  v o rte x  d e sc rib e d  e a r l ie r ,  
having a to ta l p r e s s u re  d rop  of about 36 m m  H^O and m axim um  tan g en ­
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tia l ve locity  of 38 m ph. This v o rte x  w as shown e a r l i e r  to c o rre sp o n d  
(as a  sca le  m odel) to a  305 m ph to rnado . F ig . 9 shows th is  v o rte x  "dyed" 
w ith  T iC l^ sm oke.
The e le c tr ic a l  d isch a rg e  w as pov/ered by a  5 KVA tra n s fo rm e r ,  
connected th rough  two choke co ils  to the 250 VAC ou tle t. The t r a n s ­
fo rm e r  and co ils  a re  shown in F ig . 10. C arbon  e le c tro d e s  w e re  c e n ­
te re d  at the top and bo ttom  of the v o rte x  cag e , éind the top e lec tro d e  
could be ra is e d  and low ered  to ad just the gap. The d isch a rg e  is  an AC 
carbon  a rc , and th e re fo re  m ay  not be likened  to the type th a t o ccu rs  in 
som e to rn ad o es. Thus a s im ila r i ty  an a ly sis  fo r the d isch a rg e  is not 
p o ss ib le . H ere  the in te re s t  is  lim ited  to th e rm a l e ffec ts , so  th a t we 
need  to know only the pow er availab le  in  the d isc h a rg e . W ith e le c tro d e s  
se p a ra ted  6 in the d isch a rg e  c u r re n t  is  1 .6  am p, and the po ten tia l 
a c ro s s  the e le c tro d e s  is 800 V. The pow er is  1280 w a tts , o r  1.28 x
10^^ e rg s  sec  \  This is  to  be com p ared  fo r s im ila r i ty  p u rp o ses  w ith 
18 “1the 2 X 10 e rg s  sec m entioned  e a r l ie r  as an e s tim a te  fo r  the 
p o ssib le  pow er fo r  a d isch a rg e  inside of a  to rnado .
F o r  s im ila r i ty  p u rp o ses  th is  pow er ra tio  should be com p ared  
w ith the ra t io  of the v e r t ic a l  flow ra te s  in  the m odel and in the to rnado , 
s ince  th ese  r e p re s e n t volum es of a i r  to  be h ea ted . We w ill a ssu m e th is  
flow ra te  to be the p roduct of u p d ra ft v e lo c ity  and c ro s s - s e c t io n  a r e a  of 
the sleeve of m axim um  tangen tia l ve locity . If th e  two v o r tic e s  a re  
exac tly  s im ila r ,  we can u se  the ve loc ity  sca le  fa c to r  com puted e a r l ie r .
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I
Fig. 9. The laboratory fast vortex made visib le by injection
o fT iC l .  smoke.4
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F ig . 10. T ran s fo rm e r and co ils  u sed  to pow er the h igh-voltage AC 
a rc .
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w hich  is  7. 58. We u se  r ^ i  = 1 in fo r  the m odel, and r ^  = 100 m  for the
to rn a d o , and p ro ceed  w ith  the s im ila r i ty  an a ly sis  as  follow s:
P ow er (tornado) = 2 x 10^^ = 1.56 x 10^
P ow er (m odel) 1. 28 x  10^®
Flow  ra te  (tornado) = 7. 58 it (10^)^ = 1.18 x 10®*
Flow  ra te  (m odel) tt (2. 54)^
T h ese  ra t io s  ag ree  c lo se ly  enough fo r  s im ila r i ty  p u rp o se s .
F ig u re  11 shows the d isc h a rg e  in s ti l l  a i r ,  and F ig u re  12 shows 
the sam e d isch a rg e  in side  of the f a s t  v o rtex . C om parison  of th e se  p ic ­
tu re s  in d ica te s  the d eg ree  of confinem ent of the p la sm a  affo rded  by the 
v o rtex . Note that p la sm a  s tre a k s  dow nw ard p as t the bo ttom  e lec tro d e , 
ind icating  th a t the rem o v a l of h ea ted  a i r  upw ard fro m  the v o rtex  cen te r 
is  not su ffic ien t to o ffse t the ra te  of th e rm a l expansion tak ing  p lace  : 
th e re . Indication  of th is  fac t is  th a t the v o rte x  to ta l p r e s s u re  d rop  d e ­
c r e a s e s  by 25 p e r  cen t, as in d ica ted  by the m anom eter a t the c en te r  of 
the cage. No m e asu re ab le  dow ndraft o cc u rs  in th is  reg ion  of the v o rtex  
w hen the  d isch a rg e  is  absen t.
It w as p o ssib le  to m e a s u re  the ve loc ity  p ro file  to w ithin 1 in of 
v o rte x  ce n te r  with the d isc h a rg e  p r  esen t. T h e re  was no m e asu rab le  
change a t a  rad iu s  of 2 in  o r m o re . F ig u re  13 g ives p e rcen tag e  d e ­
c re a s e  in v o rte x  v e lo c ity  betw een r  = 1 in and r  = 2 in. The d e c re a se  
noted  a t  the rad iu s  of m ax im um  v e lo c ity  is  exactly  th a t p re d ic te d  on the 
b a s is  of the 25 p e r cen t d e c re a se  in  v o rte x  to ta l p r e s s u re  drop. F o r 
obvious rea so n s  no a ttem p t w as m ad e to m e a su re  v e lo c itie s  at sm a lle r
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F ig . 11. The 1280-w a tt a rc  d isch a rg e  in s ti l l  a ir .
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Fig. 12. The 1280-watt arc discharge in the fast vortex.
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ra d ii .  P ro b a b ly  the new p ro file  would be app rox im ate ly  l in e a r  betw een  
r  = 0 and r  = r%^ « o th e rw ise  we would not likely  have succeeded  in  v e r i ­
fying the new m axim um  v o rte x  v e lo c ity  by m eans of equation (20). I t 
fo llow s a lso  th a t the 25 p e r  cen t d e c re a se  in p re s s u re  d rop  c o rre sp o n d s  
to  a 25 p e r  cen t lo ss  of k in e tic  en erg y  in the vortex .
The Scune e x p e rim en t w as p e rfo rm e d  on the slow  v o rte x  w ith 
v e ry  s im ila r  r e su lts .  The m a jo r  d iffe ren ce  ap p ears  to  be th a t the p la s ­
m a  is  only s ligh tly  le s s  confined, as seen  by com paring  F ig s . 12 and 14. 
C o rresp o n d in g ly , the slow v o rte x  does le s s  w ork on the  p la sm a , and the 
d e c re a s e  in  v o rte x  in ten sity  is  le s s ,  as  shown in F ig . 13.
It is  c le a r  th a t v o r te x  en erg y  is  u sed  in confining the d isch a rg e  
g a s e s , and th e re fo re  one would not expect a tornado to be m o re  in tense  
p u re ly  as  a  re s u l t  of having an e le c tr ic a l  d isch arg e  in  i ts  c e n te r . It 
s e e m s  r a th e r  m o re  lik e ly  th a t the d isc h a rg e  wo&ld d e c re a se  the to rn a ­
d o 's  in ten sity .
T h e re  is  an in te re s t  eilso in  the v o rte x  fo rm ed  by  the d isch a rg e  
i ts e lf .  F o r  th is  p u rp o se  the b low er exhaust duct is rem oved  fro m  the 
top  of the v o rte x  cage, and the u p d ra ft is  due so lely  to h e a t f ro m  the . 
e le c tr ic a l  d isch a rg e . E n tra in e d  a ir  is  given the sam e tan g en tia l c o m ­
ponent as b e fo re . The v o rte x  thus fo rm ed  is  v e ry  slow  and unstead y , 
and alw ays w hips the p la sm a  aw ay fro m  the top e lec tro d e , as shown 
in  F ig . 15. T h is , of c o u rse , ex tingu ishes the d isch a rg e .
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Fig. 14. The 1280-watt discharge in the slow vortex.
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Fig. 15. Therm ally-form ed vortex.
5'6
In te re s t  in the th e rm a l v o rte x  is  due to the " f ire  w hirlw ind", 
w hich so m etim es fo rm s  o v er la rg e  co n flag ra tio n s , such  as fo re s t  f ir e s .  
Since w ell o rg an ized  and so m etim es  v e ry  in tense  v o r tic e s  fo rm  as a  r e ­
su lt of h ea t so u rc e s , we would like to d e te rm in e  w h eth er the v o rte x  
fo rm ed  by h ea t fro m  the e le c tr ic a l  d isch a rg e  could  a lso  fo rm  a w e ll-  
o rg an ized  v o rtex . F o r  th is  we need  to p rev en t the p la sm a  fro m  b reak in g  
away fro m  the top e lec tro d e  un til the v o rtex  h as tim e  to becom e w ell 
fo rm ed . The b reak ing  of the p la sm a  m ay be inh ib ited  to  som e ex ten t by 
m eans of a "p la sm a  sh ie ld " , which is  a p e rfo ra te d  m e ta l d isc  p laced  on 
the top e le c tro d e . The ho les  in the d isc  allow hea ted  a ir  to flow upw ard, 
w hile the la r g e r  e lec tro d e  a r e a  re p re se n te d  by the d isc  re ta in s  b e tte r  
con tac t w ith  the p la sm a  as i t  m e an d e rs . F ig . l6  shows the d isch a rg e  
in a w eak th e rm a l v o rtex  fo rm ed  in  th is  m anner. The p la sm a  is only 
p o o rly  confined, auxd it is  n ev e r p o ssib le  to p re v e n t the d isc h a rg e  fro m  
becom ing ex tinguished  p r io r  to fo rm atio n  of a s tab le  v o rtex , even w ith 
the p la sm a  sh ield .
M ille r  has shown ex p erim en ta lly  th a t an  o rg an ized  v o rte x  
can be m ain ta ined  by a h ea t so u rce  (n o n -e le c tr ic a l in th is  instance) 
a f te r  the v o r te x  has been  s tab ilized  f i r s t  by m eans of a b lo w er. The 
p re s e n t ex p erim en ts  v e rify  M il le r 's  re su lt . F ig . 17 shows the d i s ­
ch arg e  in side  such a v o rtex . We sh a re  M ille r 's  ex p erien ce  th a t the 
h ea t so u rc e  fina lly  had to be rem oved  in o rd e r  to p re v e n t d e s tru c tio n  
of the v o rte x  cage by the flam e - - th is  d esp ite  the fac t th a t the top of the
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F ig . 16. T h e rm ally -fo rm ed  vortex  w ith p lasm a shield  on the 
upper e lec trode .
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Fig. 17. C onfigurations of the p lasm a in  the th e rm a lly -d riv en  
vortex , f i r s t  s tab ilized  by m eans of the blow er intake.
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cage was p ro te c ted  by 0. 25 in sh ee t asb esto s .
F o rtu n a te ly  i t  w as p o ss ib le  to m ain ta in  the th e rm a l v o rte x  at 
le a s t  un til i t  had tim e  to re ac h  a steady s ta te . Even though the v e r t ic a l  
t r a n s p o r t  of heat is  m uch g re a te r  w ith the th e rm a l v o rtex , the u p d ra ft 
and tangen tia l v e lo c itie s  a re  im m easu rab ly  sm a ll, o r  le s s  than 7 m ph in 
th is  ca se . The re a so n  for the g re a te r  heat t ra n s p o r t  w ithout a id  fro m  
the b low er i s  that le s s  cold a ir  is  en tra ined  into the d isch a rg e , and thus 
the p la sm a  is  d ilu ted  le s s  rap id ly  above the top e le c tro d e . A nother f a c ­
to r  is  that the d isch a rg e  c u r re n t in c re a se s  slig h tly  when the d isch a rg e  
h e a t is  allow ed to com e to eq u ilib riu m  with its  own u p d raft and e n tra in - 
m en t.
T h is  th e rm a lly -d r iv e n  v o rte x  is of in te re s t  a lso  b ecau se  the d i s ­
c h a rg e  in sid e  of i t  is  som ew hat d ifferen t in n a tu re  fro m  tha t of d i s ­
ch a rg es  in s t i l l  a i r ,  o r even d isch a rg es  in  e ith e r  fa s t o r slow v o rtic e s  
th a t a re  d riv en  by m eans of the b low er in take. The p la sm a  occupies a 
g re a te r  volum e, and is  not s tre a k e d  by sp u tte rin g  carbon  p a r t ic le s .
Thus it re se m b le s  m o re  c lo se ly  a glow d isc h a rg e . The ex p erim en ts  of 
Vonnegut et a l. y ielded  changes from  a rc  to glow -type d isch a rg e  
w hen the d isch a rg e  env ironm ent w as changed fro m  s ti l l  a ir  to v o rtex . 
S ince the th e rm a lly -d r iv e n  v o rte x  (firs t s ta r te d  w ith  the blow er) is  the 
only  one giving the g low -type d isch arg e  in  the p re se n t ex p e rim en ts , and 
s in ce  Vonnegut u sed  only a v e ry  wesLk b low er in h is  ex p e rim en ts , we 
can  suggest the following conclusions:
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1) V onnegut's v o rte x  w as ac tu a lly  th e rm a lly -d r iv e n  
r a th e r  than  b lo w e r-d riv e n , and the b low er only 
se rv ed  to  give in itia l s tab iliza tio n  to  the d isch a rg e .
2) If the d isch a rg e  seen  in a to rnado  re se m b le s  m o re  
c lo se ly  the glow d isc h a rg e , then  p o ss ib ly  the v o r ­
tex  is  pow ered  la rg e ly  by h ea t f ro m  the d isc h a rg e , 
ra th e r  than fro m  an ex te rn a l c irc u la tio n  sy stem , 
even though a v o rte x  m ay  have b een  re q u ire d  in i­
tia lly  in o rd e r  to  get the phenom enon s ta r te d .
We have seen  f ro m  th is  s e r ie s  of ex p erim en ts  th a t the th e rm a l 
v o rte x  owes its  ex isten ce  tm a com bination  of ra th e r  id ea l c ircu m stan ?  
c e s . We showed e a r l ie r  th a t the en erg y  of o u r la b o ra to ry  d isch arg e  
h as  m odel s im ila r ity  to the m axim um  th a t could be expected  fro m  a 
th u n d e rs to rm . The optim um  th e rm a l v o rte x  obtained  w ith th is  d is ­
ch arg e  does not com pare  in in ten sity  w ith th a t of the fa s t  v o rtex , which 
w as shown to b e a r  m odel s im ila r i ty  to a  to rn ad o . We conclude that 
th e rm a l energy  fro m  lightning d isc h a rg e s  alone is  not like ly  to be d i­
re c tly  resp o n sib le  e ith e r fo r fo rm atio n  or fo r m ain tenance of to rn a d o es . 
It does ap p ear, how ever, tha t a v o rte x  of in te n s ity  m uch le s s  than to r -  
nadic could be m ain ta ined  by h e a t fro m  lightning d isch a rg es  if the v o r ­
tex  w ere  f i r s t  c re a te d  and s tab ilized  by o th er mezins.
Chapter III
CHANGES O F STATE IN VORTICES
Up to now the an a ly sis  h as  been  confined to the v o rte x  in  the 
s tead y  s ta te . In th is  section  and in those to follow we w ill d isc u ss  con ­
d itions involving chéinges of s ta te . W hile the s te a d y -s ta te  v o r te x  is 
d ifficu lt to  t r e a t  m ath em atica lly , changes of s ta te  a re  even m o re  co m ­
plex . The m otion  equations te l l  us only th a t v o rtex  in ten sity  changes 
w ith tim e  to  accom pany changes in the b a lan ce  of fo rc e s  in the vortex . 
M echan ism s fo r changing the b a lance  of fo rc e s  a re  not w ell understood , 
and we m u st re ly  on two ra th e r  q u a lita tiv e  m ethods fo r an a ly sis  of 
changes in  s ta te . One of th ese  m ethods involves the o b serv a tio n  of v o r ­
te x  fo rm a tio n  and decay in the la b o ra to ry , w here c e r ta in  p a ra m e te rs  
m ay  be m e a su re d  and con tro lled . The o th e r m ethod ca lls  fo r the an a ly ­
s is  of changes fro m  one s teady  s ta te  to an o th er, w here the change p e r ­
iod its e lf  is  suffic ien tly  b r ie f  th a t we m ay  confine our a tten tion  to  e s t i ­
m ating  only  the energy  req u ire d  to b ring  i t  aboui, and to seeking fo r 
so u rce s  of such energy.
T ornado F o rm a tio n  
In C h ap te r II we saw th a t e lec trodynam ic  action  cannot c o n tr ib ­
u te .  s ig n ifican tly  to the in ten sity  of the s tead y  vo rtex , and th a t the : 
th e rm a l r e le a s e  accom panying a v o r te x -c e n te re d  d isch a rg e  ac tu a lly  
c au se s  a  d e c re a se  in in ten sity  of the in n e r reg ion  of the v o rtex . One
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m ight reaso n ab ly  expect th a t e lec tro d y n am ic  action  would a lso  be n e g li­
g ib le in the fo rm atio n  of to rn a d o es . H ow ever, E. R. Rathbun [zi] has 
hypo thesized  an "e lec tro m a g n e tic  b a s is  fo r the im ita tion  of a  to rn ad o " 
w hich m ust be exam ined b e fo re  th is  id ea  m ay  be d isca rd ed  en tire ly .
The p ro c e d u re  h e re  w ill be  to show th a t R athbun’s b a s is  fo r to rnado  
fo rm atio n  is  unw orkable, and then to  p ro c ee d  w ith the an a ly sis  of o th e r 
g en era tiv e  p ro c e s s e s  th a t a re  b e tte r  sup p o rted  by existing  in fo rm ation  
on to rn ad o es  and on v o rte x  fo rm ation .
F o rm a tio n  by E lec tro d y n am ic  A ction (Rathbun theory)
Rathbun su g g ests  th a t the s te p s  lead ing  to tornado fo rm atio n  a re  
a s  follows:
(1) N egative ch arg e  accu m u la tes  in a  cloud, in c reasin g  the 
e le c tr ic  fie ld  to the point of breakdow n.
(2) A p ilo t le a d e r  s tro k e  develops, bu t is  not follow ed by a 
fu ll s tro k e  of lightning.
(3) A "co n s id e rab le  volum e" of a i r  is  le ft ionized behind the 
p ilo t le a d e r , w hich R athbun a s su m e s  w ill contain  10^^ o r
3
m o re  p o s itiv e  ions p e r  cm  . T h is  concen tra tion  of ions 
is  supposed to  la s t  fo r  "a  num ber of seconds".
(4) The re s id u a l e le c tr ic  fie ld , a ssu m ed  to be 2 kv c m " \  a c ­
c e le ra te s  the ions upw ard , c a r ry in g  along the su rround ing  
a ir  by io n -m o lecu le  co llis io n s .
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(5) A co u n terc lo ck w ise  c ircu la tio n  (cyclonic vortex) d e r iv e s  fro m  
the tendency fo r  the ions to  s p ir a l  about a  geom agnetic  fie ld  
line.
R athbun goes on to  ca lcu la te  re su lta n t  a ir  a c c e le ra tio n  and v o rte x  
ra d iu s , u sing  the d a ta  c ited  above. The ob jections th a t a re  fa ta l to  th is  
th e o ry  a re  as follow s:
(1) Rathbun quotes L oeb ( l^  to  ju s tify  the a ssu m ed  co n cen tra tio n  
of ions behind  by  the pilot le a d e r . L o e b 's  ca lcu la tio n  is  
based  on the  assu m p tio n  th a t a  fie ld  of 30 kv  cm   ^ i s  r e ­
qu ired  to  in itia te  breakdow n fo r a  lightning s tro k e . M ore 
re c e n t in fo rm atio n , by  Hagenguth [lo] fo r exam ple , shows 
th a t lightning s tro k e s , owing to  reduced  p r e s s u re  and high 
m o is tu re  con ten t in the charge c e n te r 's  en v iro n m en t, m ay
be in itia ted  and com pleted in av erag e  p o ten tia l g rad ie n ts  of
-1
about 100 vo lts  cm  . We concede th a t the fie ld  m ay  be 
n o n-un ifo rm  in the locale of the p ilo t le a d e r 's  in itia tio n . In 
the la b o ra to ry , 5 kv  cm   ^ would be su ffic ien t to  in itia te  
breakdow n, and in the  vicinity of a th u n d e rs to rm  cloud p ro b a ­
b ly  one ten th  of th is  field w ould be su ffic ien t. H ow ever, u s ­
ing the la b o ra to ry  value of 5 kv c m “  ^ one m ay  re c a lc u la te
the ion co n ce n tra tio n  according to  L o e b 's  m ethod a s  about 
9 -310 cm  , w hich  is  an o rd e r of m agnitude low er th an  the 
value u sed  by R athbun.
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(2) The "co n s id e rab le  vo lum e" of a ir  ion ized  by the pilo t s t r e a m ­
e r  is  a lso  given by Loeb [ l 5^  but no t quoted by  Rathbun. I t  is 
a  channel le s s  thsin 0. 5 cm  in d ia m e te r  and possib ly  s e v e ra l  
m e te rs  long. R athbun com putes a v o rte x  d ia m e te r  of about
3 m . E xpansion  of the colum n of ions to  f il l  th is  volume 
would give fu r th e r  d ilu tion  of the ion co n cen tra tio n  by a fa c -
5
to r  of 3. 6 X 10 .
(3) The le a s t  supportab le  a ssu m p tio n  in the Rathbun theory  is  
th a t the ions w ill re m a in  in the p ilo t s tr e a m e r  channel fo r 
"a  num ber of seco n d s" . A pparen tly  R athbun has not u n d e r ­
stood the  n a tu re  of s fe r ic s  in s tru m e n ta tio n , fo r  he has a s ­
sum ed th a t the "long b u r s ts "  of s fe r ic s  no ise  rep o rted  by 
D ic k s o n [s ja re  som ehow  a sso c ia te d  w ith the duration  of 
ion iza tion  in the p ilo t le a d e r  of a sing le  s tro k e . A ctually  
the "long b u r s ts "  a re  due to se v e ra l indiv idual lightning 
d isc h a rg e s  along a com m on azim uth  w ithin  a period  of one 
o r two seconds. Individual s tro k e s  m a y b e  se v e ra l k ilo m e ­
te r s  a p a r t. R athbun has  p rov ided  no evidence th a t the ions 
re s id u a l in  the le a d e r  channel w ill be dep le ted  at a ra te  le s s  
th an  th a t u su a lly  o b se rv ed  fo r d isc h a rg e s  in  a ir .  Allowing 
L oeb 's  in itia l co n cen tra tio n  of ions (N^ = 10^^cm "^)along 
the p ilo t le a d e r  f ro n t and h is  m ethod  fo r  es tim atin g  r e c o m ­
bination , we w rite
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N = 1
1 + N at o o
-6  w here  a -  2 x 10 is. the coeffic ien t of; recom bination ,
6 3We find th a t the ion co n cen tra tio n  d e c re a s e s  to 5 x 10 cm " 
during  the f i r s t  second. The r e s u l t  of téïking into account 
recom bination  g ives an a c c e le ra tio n  by the e le c tr ic  fie ld  
of the a ir  as a  w hole th a t is  fou r o rd e rs  of m agnitude le s s  
than the 13. 8 m  sec  ^ com puted by Rathbun, cind is indeed 
com plete ly  neg lig ib le .
The m a jo r  objection  to the R athbun hypo thesis  is  th a t ions w ill 
not be p re se n t in  su ffic ien t quan tity  fo r a  long enough p erio d  to m ake it  
w ork. T h ere  a re  se v e ra l add itional o b jec tio n s , bu t th ese  should su f­
fice to d ism iss  the idea th a t to rn ad o es  m ay  be in itia ted  by the a c c e le r a ­
tion  of ions re s id u a l f ro m  lightning d isc h a rg e s . S ince no b e tte r  m odel 
than  R ath b u n 's  com es to m ind fo r e lec tro d y n am ic  in itia tio n  of to rn ad o es, 
we fee l ju s tif ie d  in rem oving th is  kind of p ro c e ss  fro m  fu rth e r  co n s id ­
e ra tio n . In view of the w eakness of the th eo ry , an  e lab o ra te  la b o ra ­
to ry  in v estig a tio n  of v o rte x  fo rm a tio n  by e lec tro d y n am ic  action  is not 
w a rra n te d , how ever som e p re lim in a ry  ex p e rim en ts  along th is  line w ere  
ac tu a lly  conducted, and a re  d e sc rib e d  la te r .
F o rm a tio n  b y  V ortex  C on trac tion  
F o r  s e v e ra l y e a rs  i t  h a s  been  conceded th a t a tornado  could be 
fo rm ed  by the sudden co n trac tio n  of a  la r g e r  v o rtex , say  on the sca le
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of a  m ic ro cy c lo n e , or " tornado cyclone". C onservation  of angular 
m om entum  during  the co n trac tio n  would cause h igher tan g en tia l v e lo c i­
tie s  in  the sm a lle r  v o rtex , o r  to rnado . The m icro cy c lo n e  is  su ffi­
c ien tly  la rg e  th a t C orio lis  fo rce  w ill a s s u re  coun terc lockw ise  ro ta tio n  
in a g re em en t w ith o b serv a tio n s  on to rn ad o es. Yet the m icrocyclone 
is  sm a ll enough to go undetected  in the u su a l netw ork  of w eath er s t a ­
tio n s. If v o r tic e s  of to rnado  size  fo rm ed  spontaneously  ou tside of a 
m ic ro cy c lo n e , then p resu m ab ly  e ith e r  sen se  of ro ta tio n  could be a c ­
com m odated .
A w ell-docum ented  and ca re fu lly -an a ly zed  to rnado  situation  has 
been  p re se n te d  recen tly  by Fujitaj^sJ w hich gives s e v e ra l in stan ces  of 
to rn a d o es  fo rm ing  n e a r  the ce n te r  of a m icro cy c lo n e . The m ic ro c y ­
clone its e lf  ap p aren tly  fo rm s due to  convergence of a ir  into a la rg e r  
reg io n  of convection. In the c a se s  analyzed  by F u jita  the m ic ro c y ­
clone : m oved along, occasio n ally  p roducing  a to rnado  le a r  its  c e n te r .
'r
This su g g ests  a  sudden je t- l ik e  u p d raft, sm all in d iam e te r com pared
w ith the m ic ro c y c lo p e , and o ccu trin g jso m èw h ere  ih&idé the in ic ro c y -
clone. We would suppose th a t the m o st likely  s o u rc e , of buoyancy for
«
the u p d ra ft, i;s; the re le a se  of the la ten t h ea t of condensation , o r  p e r ­
haps hea ting  of the a ir  by lightning s tro k e s  o ccu rrin g  in rap id  s u c c e s ­
sion. T h ese  p o ss ib ilitie s  w ill be d isc u sse d  fu rth e r  la te r .
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The V e rtic a l G row th of Incip ien t V o rtic e s  
In region II a i r  s p ira ls  ra d ia lly  inw ard  and in  region  I a i r  s p ira ls  
v e r t ic a lly  upw ard. The reg ion  I v o rtex  grow s upw ard  as  f a r  a s  the u p ­
d ra ft and the tangentia l v e lo c ity  com ponent in the u p d raft w ill r e a c h - - 
ex p erim en ta lly  the  upper boundary  is the top of the v o rtex  cage. In 
the fre e  a tm osphere  p re su m a b ly  the upper boundary  m ay be due to a 
stab le  la y e r . V iscous fo rc e s  a re  neg lig ib le  com pared  w ith the o ther 
v o rtex  fo rc e s , so th a t the reg io n  I v o rte x  m ay extend its e lf  a co n s id ­
e rab le  d istan ce  f ro m  reg ion  II.
A s e r ie s  of ex p erim en ts  w as p e rfo rm ed  w ith  the v o rte x  cage to 
d e te rm in e  what would be the d iffe ren ces  in the n a tu re  of the v o rte x  if 
a i r  w as allowed to  be en tra in ed  tangen tia lly  th rough  a  n a rro w  slo t at 
the top, bottom , o r c e n te r  of the v o rte x  cage. T h ese  c a se s  w ere  a lso  
com pared  with the one in  which tangen tia l en tra in m en t o c c u rs  th ro u g h ­
out the e n tire  depth of the  cage. It tu rn ed  out th a t th e re  w as e s s e n ­
tia lly  no d ifference a t a l l  in th ese  v o r tic e s . By the  tim e the s teady  
s ta te  w as reach ed  (a lm o st in s tan tly  in a ll c a se s ) , the p r e s s u re  drop 
and m axim um  veloc ity  w as the sam e. Since a ir  is  exhausted  fro m  the 
top of the v o rtex  cage, i t  is r a th e r  d ifficu lt to see  how the v o rte x  grow s 
in stan tly  to the bo ttom  of the cage, even when the en tra in m en t is  r e ­
s tr ic te d  to a n a rro w  s lo t at the top. The fac t th a t the p r e s s u re  drop 
fo r th is  case  is the sam e as fo r the o th e rs  is  evidence enough th a t the 
v o rte x  does indeed grow  to the bottom  of the cag e , since the m an o m e-
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te r  opening is loca ted  th e re . We a re  d isc u ss in g  h e re  the optim um  o r 
fa s t v o rtex  w ith  K = 0. 36, A p  = 3 . 6  cm  H^O and = 38 mph.
The im p lica tio n  of th e se  ex p e rim en ts  is  c le a r  th a t the type of 
v o rte x  under co n s id e ra tio n  m ay  be c re a te d  and m aintained b y  a  n arro w  
la y e r  o r je t  of a ir  d ire c te d  ta n g en tia lly  into a reg ion  of updraft, and 
fu rth e r  th a t the v o rte x  so fo rm ed  w ill grow v e r tic a lly  to the b o u n d a r­
ie s . It a p p e a rs  a lso  th a t n e ith e r  the p ro b ab ility  of vo rtex  fo rm atio n  
n o r the p r e s s u re  and v e lo c ity  d is tr ib u tio n  of the v o rte x  when it re a ch e s
the steady  s ta te  w ill be p a r t ic u la r ly  sen s itiv e  to the elevation of the
»
je t  re la tiv e  to the u p d raft, as long as the K -fac to r  is  sufficiently  o p ­
tim ized .
V o rtic ity  Induction E x p e rim en ts  
We have a lre ad y  seen  how the v o rte x  cage m ay  be used to  g en ­
e ra te  " sc a le -m o d e l"  to rn a d o es  by en tra in m en t of a tangentia l c o m ­
ponent due to the a ir  en try  vanes of the  cage. If we rem ove the ta n ­
gen tia l com ponent at the s id es  of the cage , we can attem pt to  induce 
v o rtic ity  into the up d raft in  th e  cage by o th e r m ean s. The m ethod  
u sed  w as to  c re a te  wind s h e a rs  w ith a fan  and b low er ex ternal to the 
cage , and to  o b se rv e  the e ffec t when th e se  s h e a rs  w ere  en trained  into 
the u p d raft. The r e s u lts  w e re  e n tire ly  n eg ativ e , fo r no vortex  could 
be g en era ted  in th is  m an n e r.
The o r ig in a l pleins fo r th is  p ro g ra m  a lso  ca lled  for ex p erim en ts  
to induce v o r tic ity  by m ean s of e lec tro d y n am ic  acce le ra tio n s . The
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idea w as to  p ro v id e  a supply of ions by m eans of po in t d isc h a rg e s , ace- 
c e le ra te  th em  w ith  an applied  e le c tr ic  fie ld , and cau se  v o rte x  m otion 
by deflecting  the ions w ith an ex te rn a l m agnetic fie ld . T h e o re tic a lly  
such a v o rte x  w ould be p o ssib le  under ideal c irc u m sta n c e s  (see  
L e w e lle n ^ l4 j , fo r  exam ple) but not under the conditions to be found in 
th u n d e rs to rm s . P re c e d in g  analy ses  in th is  p ap e r  have shown th a t 
e lec tro d y n am ic  a c c e le ra tio n s  cannot be im p o rtan t in to rnado  fo rm a ­
tion  o r  m ain tenance . Some experim en ts  ot th is  k ind  w ere  conducted 
with ap p ara tu s  d e sc rib e d  in an e a r l ie r  r e p o r t [ 3 ^  , bu t w ith negative 
re s u l ts .  T h is  k ind  of experim en ta tion  w as abandoned when i t  was 
found not to be ap p ro p ria te  fo r tornado re s e a rc h . C o n stru c tio n  of ap ­
p a ra tu s  ac tu a lly  capable  of producing e lec tro d y n am ic  v o rtic e s  is in ­
ap p ro p ria te  to th is  p ro g ra m , since no s im ila r i ty  to to rnado  p ro c e ss e s  
could be d e m o n stra te d  w ith such equipm ent.
The n e c e s s a ry  and su ffic ien t lab o ra to ry  conditions fo r c rea tin g  
éind m ain ta in ing  a  v o rtex  b ea rin g  a scale  s im ila r i ty  to  a to rn ad o  w ere  
d e sc rib ed  in  the p reced in g  section . No o th e r m ethods a ttem pted  have 
succeeded  in p roducing  a v o rtex  of th is type. W hether it is  p o ssib le  
to  c re a te  such an a tm o sp h e ric  v o rtex  by o th er m ethods has y e t to be 
d em o n stra ted .
E n e rg y  R eq u irem en ts  fo r V ortex  C on trac tion  
In the la b o ra to ry  v o r te x  it is  observed  th a t the optim um  K -fac to r 
is  constan t o v er a  w ide ran g e  of u pdraft v e lo c itie s . T h e re fo re  an in ­
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c re a s e  in u p d raft v e lo c ity  w, which cau ses an in c re a se  in ra d ia l veloc­
ity  Vj., w ill a lso  be accom pan ied  by a co rresp o n d in g  and p roportional 
in c re a se  in Vq, o r  v o r te x  in ten sity , fro m  the co n se rv a tio n  of angular 
m om entum .
Now in  the f re e  a tm o sp h e re  v o rtex  a  sudden in c re a se  in w m ust 
a lso  cause an in c re a se  in  Vj. and Vg. If Vg does not in c re a se  w ith Vj.» 
then  angular m om entum  co n serv a tio n  co n trib u tes  nothing to v o rtex  in ­
te n s ity , w hich m eans s im p ly  tha t a ir  is  being fed  into the v o rte x  w ith ­
out a  tangen tia l com ponent. In the lab o ra to ry  th is  has the effect of 
d estro y in g  the v o rtex  in s tan tly , even if the a ir  fed  in nontangentially  
e n te rs  fro m  only a v e ry  sm a ll zone of the v o rtex  cage. We deduce 
th a t the a ir  m u st be fed tangen tia lly  to the v o rte x  in an o rgan ized  
fash ion  in a t le a s t one shallow  lay e r som ew here betw een  the top and 
bo ttom  of reg ion  I and m u s t be re s tr ic te d  fro m  en te rin g  e lsew here . 
T his o rgan ized  tan g en tia l com ponent is  the a ir  e n try  vane in the v o r ­
tex  cage, and in the c a se  of the tornado it m u st be the p a ren t m ic ro - 
cyclone. The la b o ra to ry  v o rtex  in tensifies  " in  p la c e"  when w is in>- 
c re a se d , w h ereas  in the f re e  a tm osphere  the m icro cy c lo n e  is subject 
to no m echan ica l co n st r a in t^  and thus m ay "co llap se"  to  fo rm  a m ore 
co n cen tra ted  v o rtex . Of co u rse , the a ir  m oving in to rep lace  the 
co llapsing  m icro cy c lo n e  m oves on a sca le  su ffic ien t to  be sub jec t to 
C o rio lis  fo rc e , and m ay  fo rm  a new m icrocyclone . Thus the m ic ro - 
cyclone need  not v an ish  as a re su lt  of the co n trac tio n . B rooks'
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schem e fo r  to rnado  fo rm ation  em bodies the p r in c ip le  of the con trac ting  
m icrocyclone , and F u ji ta 's [ j8 jo b se rv a tio n s  show th a t  the m icrocyc lone  
need not d isa p p e a r  when a to rnado  fo rm s .
With these  thoughts in m ind we will now use  the v o r te x  m odel to 
analyze the  effects  of v o r tex  con trac tion  and the o rd e r  of m agnitude of 
energy  re q u ire d .  Ju s t  as b e fo re ,  we w ill analyze  the  s ituation  in t e r m s  
of two se p a ra te  v o r t ic e s ,  o r  reg ions. A v o r te x  reg ion  in so lid  r o t a ­
tion l ie s  co n cen tr ica lly  w ithin  a v o r te x  reg ion  in i r ro ta t io n a l  motion.
If we confine our  in te re s t  to changes th a t  w ill take p lace  in the profile  
of tangentia l ve loc ity  as  a r e s u l t  of v o r te x  co n trac tio n , we can make 
use  of our  e a r l i e r  r e su l ts .  We re c a l l  that the  m odel was d e r iv ed  for 
the s tead y  s ta te ,  and so we w ill a s su m e  tha t  we have a s teady  state  
in itia lly  and a lso  im m edia te ly  following the sudden con trac tion . This 
s im plif ies  the p ro b le m  e sse n tia l ly  to th a t  of investigating  what happens 
at the rad iu s  of m axim um  tangentia l ve loc ity , s ince we w il l  req u ire  
that reg io n  I re m a in  in solid ro ta tio n  a f te r  co n trac tio n , and tha t  r e ­
gion II re m a in  i r ro ta t io n a l .  The logic behind th is  r e q u ire m e n t  is  as 
follows:
1) Solid ro ta tion  in reg ion  I w as co n s id e red  poss ib le  because  
of the fac t  tha t v e r t ic a l  m otion p red o m in a te s  over  rad ia l  
inflow th e re .  The ro le  of reg ion  I is  to exhaust v e r t ic a l ly  
the a i r  b rough t in by  convergence. D uring con trac tion  r e ­
gion I s t i l l  p lays the sam e ro le .  We say, then, th a t  no
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component of ra d ia l  ve loc ity  occurs  inside  of reg io n  I during 
contraction , but r a th e r  th a t  reg ion  I r e t r e a t s  inw ard  ju s t  in 
advance of the con trac tion .
2) I rro ta t io n a l  m otion d e r iv ed  in region II a s  a r e s u l t  of the r e ­
qu irem ent th a t  the tangen tia l velocity  p ro fi le  th e r e  re m a in  
constant ( s tead y -s ta te )  in  spite of the angular m o m en tum  co n ­
serva tion  a s so c ia te d  with ra d ia l  inflow. In a se n se ,  then , r e ­
gion 11 is undergoing co n trac tio n  even in the s teady  s ta te .  We 
would expect tha t  the p ro fi le  of tangential ve loc ity  th e re  would 
re ta in  its  shape during  contrac tion , even though the m agnitude 
of the tangential ve loc ity  changes.
Denote with su b sc r ip ts  1 and 2 the values of rad ius  and velocity  
befo re  and a f te r  con trac tio n  re sp ec tiv e ly .  C onservation  of angular 
m om entum  re q u ire s  that
V m 2  ' m 2  = ^ ^ 1  ' m l '  < ^0  )
We see that the m ax im um  tangen tia l velocity is  in c re a s e d  by the f a c ­
to r  . A fac to r  of five d e c re a s e  in radius of reg ion  1 gives a five -
^m2
fold in c re a se  in the m ax im um  tangen tia l  velocity, and the re su lt in g  
change in velocity  p ro fi le  is  shown in F ig . 18. It seem s  c le a r  f ro m  
th is  th a t  vo rtex  con trac tio n  is a m ech an ism  w hereby  to rnad ic  v e lo c i ­
t ie s  m ay  be re a l ized  in  th is  m odel. Following co n trac tio n , the energy  
re q u ire d  for vo rtex  m ain tenance  need  be no g r e a te r  than re q u ire d  to 
overcom e the re la t iv e ly  sm a ll  v iscous  fo rces .
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Fig. 18 Effect of contracfion of the model vortex
on the profile of tongentiol velocity component, 
r end V0  are in arbitrary unite.
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The ve loc ity  p ro f i le s  of the m odel v o r te x  also  give the d is tr ib u a  x 
tion  of k inetic  energy , and in teg ra tions  can be p e r fo rm e d  to  obtain the 
in c re a se  in k ine tic  energy  due to con traction . This change in k inetic  
en e rg y  can be re la te d  to the energy  derivab le  f ro m  buoyancy fo rc e s ,  
which p re su m a b ly  gives r i s e  to such a  con trac tion  in the f i r s t  p lace . 
Such ca lcu la tions  have been  c a r r i e d  out by F u lk s j]? ] , but not c o r re c t ly ,  
s ince  he co n s id e red  only the k inetic  energy  in  reg ion  I of the  vortex .
The k ine tic  energy  p e r  unit m a ss  of a ho r izon ta l  s l ic e  through 
the v o r te x  is
K E i = 1 ( 0 + ( 31 )
2 —  T
in reg ion  I, s ince  the velocity  p ro fi le  is  l in e a r  th e re ,  and the inte - 
g ra te d  energy  p ro file  is  s im ply  the average  for the reg ion . In reg ion  
II the k inetic  energy  is
KEii = V . p. A h .  Zirrdr. 
2
The specific  volume of the s lice  is  ir(r^ — r ^ ) A h ,  w here  r^  is som e 
a r b i t r a r y  ra d iu s  at which V can  be p re su m e d  negligibly sm a ll .  R e ­
ca lling  th a t  = Vjj^ + Vj.^ in reg ion  II; and that v jj = ,
V r ^
V = , we m ay  w rite
^o ^m
75
for the k inetic  energy  p e r  unit m a ss  in  reg ion  II. The to ta l  k inetic  
energy  p e r  unit m a s s  fo r  the h o r iz o n ta l  m otion  is
The k inetic  energy  p e r  unit m a ss  in reg ion  II depends on the K -fac to r ,  
but is  not negligible, even when the K -fac to r  i tse l f  is  v e ry  sm all.
C onsisten t with F u lk s '  e a r l i e r  assum ptions  (ib id . , p. 21) about 
his m odel, we take r^  = 2. 5 r ^ ,  and using K = 0. 36, as found o p ti­
m um  for the lab o ra to ry  vo r tex , we can reduce  equation (33) to
K E. + K E „  = 0 .2 5  v ^ ^  + (0*916)
5. 25I  II
= 0. 25 Vm -I* 0. 2 Vm = 0. 45 v ^  . ( 3 4 )
This shows why the kinetic  energy  in region II m ay  not be  neglected. 
Actually we ceinnot be su re  tha t  K = 0. 36 is  also  op tim um  fo r  a to r n a ­
do. "Optimum" h e re  m ean s  obtaining the m ax im um  tangentia l v e lo c ­
ity fo r  a given range  of u p d ra f t  ve loc ities . This value of K will su f ­
fice until b e t te r  ones can be m e a su re d .  Anyway, the k inetic  energy
76
in  reg ion  II is not a t a ll  sensitive  to  the  value of the K -fac to r .  To c o n ­
tinue the ca lcu la tion ,
2 2
W ork done on v o r te x  = m a s s  x 0 .45  ( v ^ g  " ) * ( 35 )
w h ere  the m a s s  is  ir(2. 5 r j^ j)^hp , auid h  is  the height of the vortex .
E n e rg y  f ro m  Buoyancy F o rc e s  ■
An e s tim a te  of the  ra te  of work available  f ro m  buoyancy fo rc e s
to con trac t  the v o r te x  is  given by
2 _
dW 3 ^ 'm l  hp wg A T _ ,  ( 36 )
dt 2 T
w h ere  g A t / T  is  the  av erag e  buoyancy a c c e le ra t io n ,  and w is  the a v e r ­
age in c re a se d  v e r t ic a l  ve loc ity  during con traction . The fac to r  of l /Z  
is  due to the assu m p tio n  th a t  only one half of the energy  of buoyancy is 
effective in con trac tin g  the vortex. We can m ultip ly  by the p e r io d  At 
during  which c o n trac t io n  takes  p lace, and then equate the w ork  a v a i l ­
able f ro m  buoyancy fo rc e s  to that r e q u ire d  to co n tra c t  the vortex . This  
g ives  the re la t io n
Vm2^ - = . 178 wg A T A t ,  ( 37 )
T
f ro m  which the in c r e a s e  in m axim um  téingential ve loc ity  is  obtainable. 
Using the following substitu tions ( a f t e r  Fulks) w = 20 m  s e c " \
A  t = 10 min. , a v e rag e  A t / T  = . 01, and v ^ ^  = 20 m  sec \  we c a l ­
cu la te  tha t  Vj^2 ~ 24. 7 m  s e c " \  a s  com p ared  with 53 m  s e c ”  ^ c o m ­
puted  by Fulks by neg lec ting  the kinetic  energy  in reg ion  11. Even if
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a ll  the buoyancy fo rce  w e re  availab le  fo r  v o r te x  co n trac tio n  v ^ 2  would 
be only 28. 6 m  sec. \  It appears  reaso n ab ly  c e r ta in  tha t  th is  amount .> 
of buoyancy fo rce  alone w ill not give r i s e  to the  con trac tio n  and thus to 
the  highly concen tra ted  zone of k inetic  en e rg y  which is the tornado v o r ­
tex.
The only a lte rn a t iv e  is that the seem in g ly  reaso n ab le  value of 
buoyancy ca lcu la ted  by F u lks  is so m etim es  g re a t ly  exceeded locally  in 
se v e re  th u n d e rs to rm s ,  say  by a fac to r of 50, if  a 100 m  sec   ^ vo r tex  
is  to be obtained. This would seem  to im ply  tha t  only the giant co n ­
vective s to rm s  could supply the buoyancy re  q u ired  to fo rm  a tornado 
by vo rtex  con traction .
R ecen t D ata  on Available Buoyancy
We assu m ed  e a r l i e r  tha t p robably  only one ha lf  the energy  a v a i l ­
able f rom  buoyancy fo rces  would be u til ized  in con trac ting  the vortex .
It is reasonab le  to a ssu m e  that the o th e r  ha lf  would be u ti l ized  in o v e r ­
coming re s is ta n c e ,  o r  negative energy , as r e q u ire d  when giant c o n ­
vective s to rm s  p e n e tra te  deeply into s tab le  l a y e r s ,  such as  the s t r a to ­
sphere .  With th is  assum ption , we m ay  then equate the en e rg y  c a lc u ­
la ted  f ro m  an o bserved  pene tra tio n  of the s t r a to sp h e re  to the amount 
of energy  usab le  for v o r te x  con trac tion , and thus u ti l ize  in fo rm ation  
availab le  f ro m  re c e n t  observa tions  on s e v e re  convective s to rm s .
Donaldson e t  al. have published  r a d a r  data  obtained during a 
to rnado-p roduc ing  s to rm  tha t  o c c u r re d  in Ju ly ,  1958. R ad a r  echoes
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p e n e tra te d  13,000 ft into the s t r a to sp h e re  to occupy a  volume th e re  of
3
800 k m  . The pene tra tion  en erg y  is  computed on a therm odynam ic
c h a r t  to be I. 7 x 10^^ e rg s .  T im e lapsed  between the  o bse rva tion  tha t
the s to r m  w as  developing and the t im e  that i t  had p e n e tra te d  13,000 ft
into the s tra to sp h e re  w as only 29 m inu tes ,  co rrespond ing  to a r a te  of 
18 -1about 10 e rg s  sec"  . This is 100 t im es  g re a te r  than  the energy  ra te
tha t F u lk s  assum ed  to be availab le  f ro m  buoyancy fo rc e s .  We re q u ire d
only a fa c to r  of 50 in c re a se  in w ork  availab le  f ro m  buoyancy fo rces  to
-1
obta in  a  100 m  sec v o r te x  fo rm ed  by contraction . The m y s te ry  as 
to w hether  the energy  w as availab le  f rom  buoyancy fo rc e s  has now been 
r e so lv e d  affirm ative ly , but the p ro b le m  now b ecom es  one of d e te r m in ­
ing the m ech an ism  by which th is  fo rce  a tta ins  so g r e a t  a m agnitude.
Still  ano ther approach  to the calcu la tion  of buoyancy fo rce  m ay 
be b ased  upon an observa tion  r e p o r te d  by Beckwith [2%, that fo u r- in ch  
d ia m e te r  ha ils tones  o c c u r re d  (and w ere  encountered  by an a irc ra f t)  at 
éin e leva tion  of 40,000 ft. This e levation w as v e ry  n e a r  the tropopause , 
and we can compute the updraft  ve loc ity  re q u ire d  to support a hailstone 
of th is  s ize ,  and then es tim a te  the pen e tra t io n  ene rg y  and depth for a 
s ta n d a rd  s tra to sp h e re .
In calculating the supporting updraft velocity  we solve for the 
h a i ls to n e ’s te rm in a l  velocity , which is defined when the d rag  fo rce  is
ba lanced  by gravity . Using d a ta  published by M ason [isQ , assum ing  a
-3
h a ils to n e  dens ity  of 0. 4 gm  cm  and an a i r  density  app rop ria te  to
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40,000 ft, we calcu la te  the susta in ing  u pd raft  velocity  to be 80 m  sec"^ .  
The Vonnegut and M oore ru le  says  tha t  th is  velocity  c o r re sp o n d s  to 
a  s t ra to sp h e re  p en e tra tio n  of 4 km  by a th u n d e rs to rm  (one km  fo r  each  
20 m  sec"^  at the tropopause) and the energy  req u ired  is  about 1. 5 x  10^ 
e rg  gm"^ of a i r  fo r  a s tan d a rd  s t ra to sp h e re .  The 4 km  (13,000 ft ) of 
p en e tra t io n  into the s tra to sp h e re  is  the sam e  as the p en e tra t io n  c ited  
e a r l i e r  for the s to rm  o b se rv ed  by Donaldson et al. We m ay  then  r e ­
gard  th is  as supporting evidence th a t  buoyancy fo rces  do occur with 
m o re  than sufficient energy  to co n trac t  a m icrocyclone  into a to rnado .
In a convectively  unstab le  a tm o sp h e re  an updraft, once in itia ted , w ill 
continue to a c c e le ra te  due to  r e le a s e s  of la ten t heat. The ca lcu la tion  
of th is  a cce le ra t io n  for a r e a l i s t ic  m odel is  a r a th e r  difficult p ro b le m  
in condensation phenom ena, the solution to which has not yet been  
found, and which is e n t ire ly  beyond the scope of th is  investigation .
H eating by Lightning D ischarges  
Vonnegut |Z4]has suggested  th a t  additional buoyancy could be s u p ­
plied  in the cen te r  of a v o r te x  by the hea t  f ro m  lightning d isc h a rg e s .
The energy  of the average  c loud-to -g round  lightning s tro k e  is on the
17 IQo rd e r  of 10 e rg s .  At a s troke  r a te  of 20 p e r  sec som e 2 x 10 e rg s
sec  ^ m ay  be t re m sfe rred  to the a i r  in the fo rm  of heat, if th ese  s tro k e s  
o c c u r r in g  in  rap id  su ccess io n  have average  energy. This  is  the eq u iv a ­
len t of 4. l6  X 10^^ gm cal. At one a tm o sp h ere  and 20C the specific  
volume is 0 .0 2 4  m  (gm m ole)"  . Using a specific  h e a t  of 7 gm  cal
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(gm m o l e ' C ) , we see  tha t  291 gm  cal a re  re q u ire d  to r a i s e  each cubic 
m e te r  of a i r  one d eg ree  C. Then lO ^gm  ca l m "^  w ill  be r e q u ire d  to 
a tta in  A T  = 42C, which when com bined w ith  w = 80 m  s e c ”  ^ would 
give the buoyancy fo rce  requ ired  to co n tra c t  the m ic ro cy c lo n e  into a 
tornado accord ing  to the conditions p r e s c r ib e d  e a r l i e r ,  p rov ided  tha t 
the  volume of a i r  affected is  sufficient to co n tra c t  the vortex .
The volum e of a i r  tha t  can be hea ted  to the n e c e s s a r y  t e m p e r a ­
tu re  by the lightning is
4. 16 X lO^^gm cal = 4. l6  x 10^^^* 
id^gm cal m"^
A column of a i r  1 k m  ta l l  so heated would have a d ia m e te r  of only 71 m, 
w h e re a s  the volume change resu lting  f ro m  the v o r tex  sh rinkage  r e ­
qu ired  fo r  a 100 m  sec"^  tornado (from  our m odel w ith  r ^ j  =
5 0 0 m to  r ^ 2  = 1 0 0 m an d  v ^ ^  = Z O m sec"^  ) is  r e p re s e n te d  by a c y lin ­
d e r  of 245 m  d ia m e te r .  The heating by lightning is too sm a ll  to ac -
4
com m odate  th is  m odel by a  fac tor of m o re  than 10 . S ta ted  d ifferently , 
the  volume change due to d isp lacem ent of a i r  heated  by lightning is 
only sufficient to give the requ ired  f ive-fo ld  in c re a se  in v o r te x  in te n ­
s ity  when the volume change is
" ^m2^ ) = 4. 16 X lO^m^,
fo r  a  v o r te x  1 k m  ta ll .  Substituting r ^ ^  = S r ^ ^  gives r ^ ^  ~ 7. 5 m , 
and thus r ^ ^  = 3 /. 5 m.
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One could argue tha t the con trac tion  of a v o r te x  of 75 m d ia m e ­
te r  into one of 15 m  d ia m e te r  to achieve to rnad ic  ve lo c it ie s  is not at
a ll  un reasonab le .  The l a r g e r  vo rtex , having a m ax im um  tangential
-1
velocity  of only 20 m  sec , could e a s i ly  go unnoticed in the o b s e rv a ­
tional network, w h ereas  the s m a l le r  v o r tex  with Vj^ = 100 m  sec 
would be m ost d es tru c t iv e .  Even though the heating by lightning has  
been  pu rpose ly  m ax im ized  in th is  s im ple  ca lcu la tion , the calculation 
suffices to p lace  heating by lightning within the r e a lm  of possib le  co n ­
tr ib u to ry  m ech an ism s .  This is t ru e  even though the w ork derivable  
f ro m  buoyancy in the c a se  of lightning heating is four o rd e r s  of m a g ­
nitude s m a lle r  than that o b se rv ed  f ro m  th u n d e rs to rm s  penetrating  the 
s tra to sp h e re .
We m ust re c a l l ,  how ever, tha t  the to rnado  is observed  to be in 
the d iss ipa tion  stage when i ts  d ia m e te r  d e c re a se s  to such a sm all value 
tha t i t  has  a rope -like appearance . F u r th e rm o re ,  if sufficient buoy­
ancy w ere  r e le a s e d  by lightning heating to c o n trac t  a v o rtex  from  
1000 m  to 200 m  in d ia m e te r ,  the d isc h a rg e s  would have to continue for 
se v e ra l  m inu tes . If th is  w ere  an im p o rtan t m ech an ism  fo r  tornado 
form ation , then  we would expect a m uch h igher  c o r re la t io n  between 
tornado fo rm ation  and s fe r ic s  than tha t  re p o r te d  by Jones  Q-2]. It is 
po ss ib le ,  how ever, tha t h ea t  f ro m  lightning m ay  in some cases  initiate  
a s trong updraft, which subsequently  becom es a c c e le ra te d  as a  re su lt  
of convective instab ili ty .
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Tornado D issipa tion  
Tornadoes  a re  o b se rv ed  to d iss ipa te  e i ther  by withdrawing upward 
o r  by going through the " ro p e "  stage. Now le t  us suppose that reg ion  II 
of the tornado v o rtex  is confined to a la y e r  aloft, and that the reg ion  I 
v o r te x  has  grown downward to the ground as  would be expected f ro m  the 
la b o ra to ry  experim en ts  cited e a r l ie r .  With th is  s ituation  the tornado 
would withdraw upw ard if the updraft  w e re  g radually  in te rru p ted .  F u r ­
th e rm o re ,  the tendency fo r  some to rnadoes  to skip about f rom  p lace  to 
p lace  could be explained as te m p o ra ry  in te rru p tio n s  of the convective 
updraft.  O ccurrence  of convection in b u r s t s  is  the ru le  ra th e r  than the 
exception.
The to rnadoes  analyzed by F u j i ta [s ]  d iss ipa ted  by going through 
a s tage  in which the v o r t ic e s  becam e long and n a rro w , with th e ir  axes 
a lm o s t  ho rizon ta l over  much of th e ir  length. In each  case  the tornado 
had  moved out f ro m  under the p a re n t  m icrocyc lone  when it d iss ipa ted , 
and so the ro p e - l ik e ,  lecining v o r tex  a p p ea rs  to be a sso c ia ted  somehow 
with  a sy m m e try  of the vortex  axis with re s p e c t  to the organ ized  p a t te rn  
of the tangentially  d ire c te d  inflow upon which the v o r tex  feeds. That 
such an a sy m m e try  would r e su l t  in weakening the v o r tex  is not s u r ­
p r is in g  but the re a so n  fo r  the rop e-lik e  appearance  is not explained. 
H ow ever, this, phenomenon is ea s ily  duplicated  in the labo ra to ry .
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L a b o ra to ry  Experim i its with Decaying V ortices
V o rt ic e s  fo rm ed  in  the v o r te x  cage m ay  be pushed off cen te r  and 
cau sed  to lean  by sim ply  opening an a ir  e n try  vane on one side of the 
cage w id er  than on the o ther  side. They m ay  be given an S -shape  by 
opening w idely  the  upper r ig h t vane and the low er left vane, while le a v ­
ing the o ther  vanes  closed.
When th ese  leaning, o r  a s y m m e tr ic a l  v o r t ic e s  a re  m ade v is ib le  
by  m eans  of T iC l^  sm oke, they  a r e  seen to re se m b le  v e ry  c lo se ly  the 
to rnado  in the rope , o r  d iss ip a tin g  s tage. Indeed, the tangential v e l ­
oc ity  d ro p s  v e ry  sharp ly  when the vortex  is m ade to lean even a sm all  
am ount.
F ig u re  19 gives p ic tu re s  in a lphabetical o rd e r  to show the effect 
of causing the f a s t  v o r te x  to  be pushed p ro g re s s iv e ly  f a r th e r  off cen te r  
by  using  su c c e ss iv e ly  g r e a te r  openings of the low er right vane. F ig u re  
20 p o r t r a y s  a  s im i la r  sequence fo r  the slow vortex . We see  tha t the v o r ­
te x  becom es  p ro g re s s iv e ly  m o re  rop e-lik e  as  it w eakens, and as it is  
pushed  f a r th e r  off cen te r .  Note the  hollow-tube appearance  of the le a n ­
ing v o r te x ,  w hich d iffers  m a rk e d ly  f rom  the sy m m etr ica l  vortex , as  can 
be seen  by co m p ariso n  with F ig . 9. W hatever the reaso n  for the tubu lar 
ap p ea ran ce ,  i t  s e e m s  to ind ica te  tha t  the velocity  d is tr ibu tion  of the le a n ­
ing v o r te x  is som ew hat d iffe ren t in n a tu re  f ro m  tha t  of the sy m m e tr ic a l  
vo rtex . U nfortunately , m e a s u re m e n t  of th ese  p ro fi les  w as p reven ted  
by  the s m a lln e s s  of the velocity . Even with a m o re  sensitive  ve lom e-
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F ig .  19. B e h a v i o r  of the f a s t  v o r t e x  as  the r a d i a l  inflow is 
m a d e  p r o g r e s s i v e l y  m o r e  a s y m m e t r i c a l .
85
m
F ig .  20. B e h a v i o r  of the  slov/ v o r t e x  as  the rad ia l  inflow is 
m a d e  p r o g r e s s i v e l y  m o r e  a s y m m e t r i c a l .
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t e r  i t  would be difficult to contend with the m eandering  of the vortex . 
T he re  m u st  be a g r e a te r  population of smoke p a r t ic le s  in the w alls  of 
the tube, but the re a so n  for this  is not obvious. R eca ll  tha t the m a x i ­
m um  velocity  s leeve has  a d ia m e te r  of 2 in. , w hereas  the ou ter  v isib le  
edge has  an average d ia m e te r  of about 1 in.
When the v o r te x  is pushed s ti l l  f a r th e r  off ce n te r  than shown in 
F ig s .  19 and 20, it re a c h e s  a s tage  w here  the lower end whips about 
like a  loose  f ire  hose . This chaotic  m otion would be poorly  i l l u s ­
t ra te d  in a photograph. It o ccu rs  when the v o r te x  leans  at an angle of 
about 30 degrees  f ro m  the v e r t ic a l .  The next stage is a com plete  v a n ­
ishing of organized  v o r te x  motion, o ccu rr in g  when the v o r te x  is m ade 
to lean  slightly m o re  than 30 d e g re e s .  However, the ro p e - l ik e  t o r n a ­
do has  been  o bserved  to incline at s t i l l  g r e a te r  angles, even a p p ro a c h ­
ing the horizonta l.
Returning to the complete equations of motion (2) we see tha t the 
m otion p a t te rn  in reg ion  II is no longer i r ro ta t io n a l  when a sy m m e try  
t e r m s  a re  added. The m otion equations becom e m o st  com plex, even 
for the sim plified  v o r te x  model. The v o r tic i ty  equation (4) gains an 
a sy m m e try  te rm  and becom es
C  = BVg + - 1  . ( 38)
8r r  r  8e 
w here  the la t te r  t e r m  r e p re s e n ts  the a sy m m e try  of rad ia l  inflow. As 
an exam ple, when the  c ircu la tio n  i s  counterc lockw ise  and ra d ia l  inflow 
is  g r e a te s t  to the eas t ,  then th is  t e r m  m ak es  its  g re a te s t  contribution
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to cyclonic v o r tic i ty  to the n o r th  of the vortex , w h ere  9vy is a  d e c re a s -
Be
ing function. The v o r te x  would tend to d isp lace  in the d irec tio n  of m a x i ­
m um  cyclonic v o r tic i ty ,  o r  northw ard  in this case .
The low er le f t  photograph  in Fig. 20 r e s e m b le s  the doub le -s leev e  
to rnado , and th is  s itua tion  can be produced a lso  with the cen te red  v o r ­
tex . When th is  o u te r  band is  p re se n t  i t  o sc il la te s  up and down the v o r ­
te x  ry thm ic  ally, co n trac tin g  as it ascends, and expanding as it d e ­
scends. The p e r io d  of the osc illa tion  is about 0. 5 sec. This  o s c i l l a ­
tion m ay  be somehow as so c ia te d  with the ry thm ic su rg es  in tangentia l 
velocity  v e ry  n e a r  the v o r te x  axis, which w ere  m entioned in C hap ter  II.
By combining in fo rm ation  from  the confinem ent of the p lasm a , 
the v is ib le  edge of the T iC l^  sm oke, and the o bserved  sleeve of m a x i ­
m um  velocity  we can  c o n s tru c t  a c ro s s - s e c t io n  such as F ig . 21. The 
o sc illa ting  ou ter  s leeve  of sm oke appears  to be at a rad ius  of about
1. 5 in when it is  a t  m id -h e ig h t  of the vortex , and although it  c o n trac ts  
while descending, ap p aren tly  it  never p e n e tra te s  into the sleeve of 
m ax im um  velocity.
The Double-Sleeve Tornado 
Some :to rnadoes a r e  a lso  "doub le-s leeve"  v o r tic e s ,  and some 
in fo rm ation  about the s t ru c tu re  of these  v o r tice s  can be obtained by 
using the m odel. Both of the s leeves  can occur in one region only if  
the p a r t ic le s  maiking the s leev es  v isib le  a re  of two d ifferen t d en s it ie s .
8 8
Sleeve of max.
tangential vel.
Oscillating 
outer 
bond I
(inches)
2 -
202
r (Inches)
Fig. 21 Cross*section of the laboratory vortex 
showing bounder I es of visible plasma, 
visible smoke, and sleeve of maximum velocity. 
Dimensions are true scale.
89
Such is  not the case  for the la b o ra to ry  v o r te x ,  and seem s v e ry  unlikely  
fo r  to rnadoes  as well. Let r ^ ,  and be the rad ii of the v is ib le  s leeves  
in reg ions  I and II re sp e c t iv e ly ,  eind be the density of the p a r t ic le s .  
Equations for the ba lance  of ra d ia l  fo rc e s  in each region can be taken 
fro m  (7) and (9), and when th ese  a re  given these no ta tions, we have
w^r^ ( P^- P ) = [ | |1 1 ( 39 )
, 2  4
and ^    , ,  r  , LBrJz“ ( 1 + K ^ )  ( p'' - p )  ' ( 40))
r-
which when com bined give
4
( 41 )
rir^ -  -  /
The ra t io  on the r igh t i s  e a s i ly  d e te rm in e d  to be 0 .674  for the l a b o r a ­
to ry  vo rtex , and th is  value is  s a t i s fa c to ry  fo r  the double-sleeve  to r n a ­
do if we have scale  m odel s im i la r i ty .  O rd inarily  and can be d e ­
te rm in ed  photographica lly , leaving a  re la tionship  between the rad ius  
of m axim um  veloc ity  eind the K -fa c to r .  When can be es tim a ted  
f ro m  the dam age path, K can be ca lcu la ted . If K is m e a su re d  in s t ru -  
m en ta lly  as  suggested  in C hap te r  II, then  r ^  can be calculated . O r,
if the optim um  la b o ra to ry  K -fa c to r  = 0. 36 is  used, then
3 4:
Tm = ( 0. 6 r j  rg  ) . ( 42 )
F o r  the lab o ra to ry  v o rtex  r^ = 0 . 5  in, r 2 = 1. 5 in, giving r ^  = 1. 0 in, 
which ag re e s  with the  in s tru m e n ta l  de te rm ina tion  of rm*
C hapte r  IV 
CONCLUSION
The re su l ts  of this r e s e a r c h  indicate  that e lec tro d y n am ic  a c c e l ­
e ra t io n s  w ill  not have a d i r e c t  influence on e ither the  g e n e s is ,  m a in te ­
nance , o r  in tensif ica tion  of to rn a d o es .  "D irec t"  influence h e r e  r e f e r s  
to v o r te x  motion as  a r e s u l t  of acce le ra t io n s  of c h a rg es  in the e le c tr ic  
fie ld  of a th u n d e rs to rm . It is p o ss ib le  th a t  e lec trodynam ic  a c c e l e r a ­
tions play an importcoit ro le  in the charging m ech an ism , the co n d e n sa ­
tion phenomena, o r  in the p rec ip i ta t in g  schem e of convective s to rm s ,  
and in th is  way these  a c c e le ra t io n s  could have an in d irec t  influence. 
H ow ever, the cloud physics  of convective s to rm s  is beyond the scope 
of th is  pap er .
T h e rm a l and aerodynam ic  effects  seem  to be the  only ones of 
d i r e c t  im portance  to the to rnado . The r e le a se  of h e a t  by lightning 
alone m ay  drive  a weak v o r te x ,  but if th is  re le a se  s e rv e s  to t r ig g e r  
la te n t-h e a t  convection on an  acce le ra t in g  scale , then  it could a lso  be 
an im p o rtan t  fac to r  in to rnado  g en es is .  C erta in ly  i t  seem s  th a t  the 
re le a s e  of condensation and p rec ip i ta tio n  heat m ust p rov ide  m o s t  of 
the updraft acce le ra tion . The m a jo r  aerodynam ic influence is  the 
o rgan ized  tangentia l com ponent of the inflow. This influence is m o s t  
l ik e ly  provided  by a  m icrocyc lone .
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Im plica tions  tow ard  Tornado D etection  and C ontro l 
P ro je c tin g  f ro m  th ese  r e s u l t s ,  i t  ap p ea rs  that con tro l  of conden 
sa tion  phenom ena in convective s to rm s  would be the m o s t  d i r e c t  a p ­
p ro ach  to to rnado  con tro l,  s ince con tro l of the aerodynam ic  action  of 
the m icrocyc lone  is  v e ry  unlikely. A ttem pts  to control condensation 
by cloud seeding have not m e t  w ith  encouraging re su l ts ;  how ever only 
a few seeding agents have been  tr ied ,  and s i lv e r  iodide is the usual 
one. A lm ost a ll  of the cloud seeding e ffo rts  have been  conducted in 
e s se n t ia l ly  the sam e fashion, w ith  lit t le  ingenuity having been applied 
along with the enorm ous financia l burden  of the effort.
The idea of contro lling  the e le c t r ic a l  phenom ena of convective 
s to rm s  has  rece iv ed  r e la t iv e ly  ve ry  l i t t le  attention, desp ite  the fac t 
tha t  condensation and p re c ip i ta t io n  m ay be in tim ate ly  a s so c ia ted  with 
e le c t r ic a l  phenom ena in th ese  s to rm s .  Even if th is w ere  not so, the 
con tro l of lightning is no le s s  im portan t than the con tro l of to rnadoes. 
Vonnegut and h is  a s so c ia te s  JzsJ , [s] , [ZT] have p ioneered  in th is  kind 
of r e s e a rc h .  R ecen tly  Vonnegut et a l .[29] have shown that the e l e c t r i ­
fication  of sm a ll  cum uli m ay  be influenced by seeding with ions f ro m  
a charged  w ire .  According to S a r to r  (zz] m o s t  of the th eo r ie s  of th u n ­
d e r s to r m  e le c tr if ic a t io n  invoke an ac c e le ra t io n  of charg ing  due to the 
p re se n c e  of the fie ld  re su lt in g  f rom  the in itia l charging. If these  
m odels  a r e  c o r re c t ,  then  Vonnegut's m ethod would be m o s t  effective 
if it could be applied  in the initiation s tage .
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The experim en ts  indicate  tha t extinguishing the e le c t r ic a l  d i s ­
ch a rg e  inside of a to rnado  could m ake as m uch as a  25 p e r  cent in ­
c r e a s e  in the k inetic  energy  of the ho rizo n ta l  com ponent of motion.
T his  is  a  m e a su re  of to rnado  con tro l,  even though i t  is  not in the d i ­
re c t io n  usually  cons ide red  d e s ir a b le .
P la n s  for A dditional E x p e rim en ts
The exper iences  of the r e s e a r c h  p ro g ra m  to date  suggest f u r ­
th e r  la b o ra to ry  exper im en ts  and th eo re t ic a l  a n a ly ses  d ire c te d  toward 
the  p ro b lem  of tornado de tec tion  and control. T h ese  exper im en ts  and 
a n a ly ses  will fo rm  the final phase  of th is  p ro g ra m ,  and will be r e ­
p o r te d  in a subsequent paper .
P re l im in a ry  ex p e r im en ts  show that the 1280-w att d isch a rg e  in 
the  la b o ra to ry  v o rtex  can be extinguished v e ry  effectively  when seeded., 
w ith a minute t r a c e  of su lfur hexafluoride  (SF^) g as .  F u r th e rm o re ,  
the  d isch a rg e  cannot be s ta r te d  again until the cage is purged of the 
gas . This r e m a rk a b le  compound is  so s tab le , inso lub le , and such an 
e x ce llen t  a b so rb e r  of negative charge  that it  s e e m s  to be an idea l agent 
fo r  seeding to p rev en t  o r  to extinguish  e le c t r ic a l  d isc h a rg e s  in th u n ­
d e r s to r m s  and to rnadoes .
Subsequent ex p er im en ts  w ill be conducted to d e te rm in e  the ideal 
m ethod  for seeding inside of the la b o ra to ry  v o r te x  and the m in im um  
quan ti t ie s  re q u ire d  to achieve v a r io u s  kinds of r e s u l t s .  With th is  in-
93
form ation  it m ay  be p o ss ib le  to extend the ana lys is  to cover the s e e d ­
ing of the d isc h a rg e  inside  of a tornado.
An additional goal of th is  p ro g ra m  i s  to investigate  the p o s s i ­
b il i ty  th a t  em anations f ro m  the " e le c tr ic a l"  to rnado  could be u sed  to 
identify and loca te  the to rnado . P re su m a b ly  the in s trum en ta tion  for 
locating th is  kind of to rnado  would be s im ila r  to the s fe r ic s  lo ca to r ,  
which d e te rm in e s  the az im uth  of lightning d isc h a rg e s .  Vonnegut et a l . 
[^ZS^found th a t  th e ir  AC d isc h a rg e  ceased to  b ro a d c a s t  when enclosed  
in a vortex . E a r l i e r  ex p e r im en ts  in the p r e s e n t  p r o g r a m ^31] showed 
that a sh o r t  DC a rc  b ro a d c a s ts  as w ell inside of a vo rtex  as  in s t i l l  
a ir .  P r e l im in a r y  e x p e r im en ts  with an 8- in  AC a rc  show an id en tif i ­
able peak  betw een one and two kc sec"^ w hen  the a rc  is  c e n te re d  in 
the fa s t  vo rtex .
The in s tru m en ta t io n  u sed  for " lis ten ing" is  a  specia l re c e iv e r  
d riven  by a frequency  scan n e r ,  and connected to an autom atic s p e c ­
t ru m  p lo t te r .  The p lo t te r  y ields a graph of rad ia ted  pow er as a fu n c ­
tion of the frequency  scanned. A special pow er supply is now under 
cons truc tion  with which it  w ill be possib le  to provide a v a r iab le  f r e ­
quency DC d isc h a rg e  over  the full length of the la b o ra to ry  vortex.
The frequency  sp e c tru m  an a ly ze r  w ill also be  u se d  with this long DC 
a rc  as  p a r t  of the to rnado  de tec tion  r e se a rc h ,  since this d isch a rg e  
seem s  to app rox im ate  m o re  c lo se ly  the type to be expected f ro m  th u n ­
d e r s to rm s .
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